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Ixtrodi:(.:t[(.)X 


Much has heernvritten during the last fifty N uars cdiiccriiiii^ the n-lalions 
between cell size, and body size, nuclear, (■h|■olll()^nlna] mimbei-, ami 
chromosomal mass'. One group of botanists and /.oologies. inrlmliiiK siirli 
’la-^ical writers as Sachs (1893), Dricsch (1S98, mooN and Bowri 111)041. 
nnintain that the size of the cells In sptTiflc organs or nr.gaiiiMiis icinains 
constant regardless of variations In growth or slalnre. uheoAm aiioiln-r 
.rrniip hold that cell number rather than cell size is fixed. A Mmml cmi- 
irovcrsy revolves around the question whether tlie mirloo-cAloplmfitie 
relation is a constant or a self-regulating ratio, and, more rmaitlv. wlieiher 
(hvarf and giant mutants are produced by changes in the innnlier -r mi the 


d/.e of chromosomes, 

ManV of the discrepancies in the co^clu^aHl^ ..f tiuse writer^ app.-ar to 
ic diie to an intensive study of a particular tissue, organism, or stage ui 
intogenv without reference to what nia)- occur in other iissues. organi^uis, 
•.r dneiopraenta; stages. Levi (1906) has shrm,, that ,,, manaaals , 

sLe variations of epithelial and gltntd rh . Vli' 1'' miN ii 

divide throughout Hfe-a,-e iusignitictint, vvhvrvas st.vh h.ghl, ill .. . 1 d 
veils as nerve fibers, lens fibers, nnisdo lUiers, ami , 

considerably larger in large animals Hian ni small ones, ' ' i^. tin lui^^, 
iiK exknsii'e preliminary, comparative nnesttg-itioim ' ■ ■ . 

for iiilaiswe experimental research, and in sv'ie as i m 'i- 'bjai ^ 

generalization from .limited induelion, is ivell ilbisii.iH' . 

dealing ivith body size ami cell size. ,„ „iv m d-u-r- 

In the first investig.ation of this sene.d .m , I. 

mine, by moans o( an extensive ’ .j, j " .h,. ,.s,vhearv 

the more fundamental t>-pes ol size x ar.ations tha 
■■ H.dk.v, I. W., and Tupper, W. W. Size vimalmn m 
Ittweii the secondary xylems of vascular rrypWil.ine. sf' ■ 
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cellstof the secondary xylcm of vascular plants. The elements were l ii,| 
to fluctuate considerably in length in different parts of an organ or ■ i ^ 
in individuals grown under different environmental conditions, iw ' 
different groups of the Siphonogama. As shown in text figure i , the a\ . .j. 
length of the tracheary cells, in a given radius and at a particular h 
in the stem of an arborescent dicotyledon or gymnosperm, is not ctiiv. 



Tkxt Fig. i. Curves showing variations in average length of tracheary cells in passing 
from the innermost to the outermost secondary xyleni of the stem. Average length? of 
primary tracheary elements shown for cornparisun. i, cycad; 2 , conifer; 3, vesselless 
dicotyledon: 4, dicotyledon with primitive ^■essc]s; 5, dicotyledon with highly dillerentiated 
vessels, t, tracheids; /, fiber tracheids; e, vessel-segments. Modified from Bailey and 
T upper. 

in succeeding annual rings, but tends to increase rapidly for a period of years 
and subsequently to fluctuate more or less above and below a certain general 
level. This length-on-age curve varies In different portions of the stem and 
in plants grown under different environmental influences. In normal 
forest trees, its crest tends to be higher in the “clear length” of the stem and 
lower in the crown, in the stump, and in proximity to burls, severe injuries, 
and other disturbing factors. Although these somatic variations, due to 
physiological and ecological factors, are so varied and extensive as to render 
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ult the isolation of germinal riucfiiations in a li.niu.l numlirr cf rl-M-lv 
j.^.1 plants, the study of a wide series of Siphon..;, ,vxc.iU Miikiiv- 
jh; .eneesin the size of the tradieary cells iii dillnTui crono ■ ’ n| 

IV, r <-xample, the average length of the tracheid. in ,,1 k' oui,,“ rinK> . 'l -lu- 
i;ec. alary xylem of 152 gymnospeiins was u.o; mm. SD - i,\ .. 

mm.); whereas m comparable material of -5 diciv k,!o„s. fn-ni u 
and 1 18 families, the mean length of ilu- tilx r tiMcheiiis- ami 
soonwiits was 1.20 ± 0.02 mm. (SD = 0,50 i 0,01 nim.i and o.(,i m o.oe 
nim. fSD = 0.41 ± o.oi mm.) respectively (text lig. .v:. 

'['he reduced length of the tracheary elements in tht' secondarv xylem of 
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Tk-XT Fio. 2. Limits of variability of average lengths of iraelieids in (he ol'ler woml 
gyuinospcrrns contrasted willi the limits of variability of (.1) average leiigihs of 
filM-r tracheids in older wood of 275 miscellanous dieotylcdons, iBi average Icngtlis of 
vessel'segiiients in 275 misadlancoiis <licotyls, iCi ax erage leiigllis of liber tr.ieheids in oidi r 
wood of 5,3 dicotyls having priinilh c wssels, (V.)) average lengths of vessed- segments In 
[iriniitivcdicotyls, (£) ax'erage lengths of fiber t racheids in old<>r \\’ot)d of if><) dieoiyls having 
highly specialized vessels, and (.?■') average lengths of vemd seginenls in 169 spe. i.ilized 
diroiyls. Mean of average lengths sliown nLiTiHTK'aily. 

tlicotyledons appears to be closely correlated with (he dcxeltjptnt'til and 
^liO'crentiation of vessels. This is indicated, not only hy (he striking general 
contrast between the sizes of the trachear>- elements in plantswhich liave 
''Cssds (Gnetales, dicotyledons) and in th( se \xliith are devoid ol them 
''•ascular cryptogams, gymnospenns, \es.selless 'rrochodciidraceae, and 

t sing this term in a general sense to include Tra<dit.id.x fiber tr.ieheids, lilirilorin fibers, 
i<nd septate fibers, but excluding substitute hbors, 
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Magnoliaceat, text fig. i), but also by the fact that the trachean ; 
the dicotyledons tend to shorten as the vessels become more and .,^5; 
highly specialized (text fig. 2).^ 

In all of the arborescent dicotyledons and gymnosperms, wi; ,1^^. 
probable exception of the Cordaitales, Bennettitales, and Cycad.d 
first formed tracheary cells of the secondary xylem are relativeh uj[ 
and arc considerably shorter than the adjoining elements of the j? ,,.y 
xylem (text fig. i). This is in marked contrast to the conditions •. 
appear to have prevailed in the stems of many of the lower vascular i,: 

In forms having relatively wide zones of primary wood, the inni iHiKt 
secondary tracheids resembled in size the outermost primary tras I--, ii].; 
It seems probable that in the evolution of the higher gy'mnosperni> and 
dicotyledons, with reduction in the amount of primary xylem and with 
other changes in the innermost portion of the stele, there has been a rem- 
comitant shortening of the first formed elements of the secondary xyk ni. 

The size of the cells in the secondary xylem is determined by :[; tlu- 
size of the cambial initials, and by (2) changes that' take place in ihcir 
derivatl\'e cells during differentiation into tracheary elements. Ir is 
conceivable, therefore, that the variations in the size of the trachearv 
elements may be closely correlated with similar fluctuations in iht.’ >i/( 
of the meristematic cells. It is also conceivable, however, that the cells <^1 
the lateral meristcni are of relatively uniform size, as hypothesized liv 
Strasburger (1893), W inkler (1916), and others, and that the difference;;; in 
the size of tracheary cells are due entirely to changes, e.g., exjjaiwinn. 
division, etc., which occur during differentiation of the xylem. The prrseiu 
paper is devoted to a comparative study of the size variations of r.inibial 
initials and tracheary cells. 


Matekial axd IMinHODS 

There arc two methods of determining the sizes of the cells in a pw-\ 
tissue: by measurements taken (l) from sections and (2) from maceralidi!'. 
Each method has certain Inherent advantages and disacUantages. In 
macerations it is possible to isolate individual cells and measure tluir 
various dimensions, but it is necessary to allow for differences in breakage. 

’The secondary xylem of the Calainariales, Sphcnophyllalcs, Lepidojihyiiiii,!.’. 
Cycadofilires, and Gymnospcnuac, e.xclusivc of the (bietales, is comparatively honioynKn;:'. 
and its tracheary cells are of a single generalized type, so-called tracheids. In the 
and Dicotylcdoneae specialization or "cH^•ision of labor" appears to have occurred 
these cells. Certain vertical scries of traciicids have become modified and iunciiim I'l;! - 
cipally in conducting liquids, whereas others have assumed a mechanical rul,;. 
vessels of the dicotyledons become more and more highly dift'erciitiatecl , their Feyuun> 
change their shai)c and slruclure and lose their resemblance to tracheids. -U i!n ^wi’. 
time, the surrounding tracheary elements t('nd to take on a more Rber-like striii'tun\ 
pits becoming vestigial by the gradual disappearance of the bordering areas in ihe Mr; 
walls. 



THE CAMBIUM AXD ITS DKRLV.vnVK [[>^1 IS 


-]. 'ikage or contraction, etc. Of coiir^ii'. ii is dininih in nu.vr.iir i!u' 

", r.lniirn and other soft tissues. The aveiM^^' imnih ni \ c-rtirnlly eli'iiy.tlrd 
■i-'U'iits may be obtained with a amsiderahir dr.s^in- ni jc. iumia (r,„n 
],v' ’tudinal, tangential sections oi tissues in whieli tlii> i-li im nis are ai laiiL^rd 
• • -Talar radial rows, as in the eaiiibiiiin nr xyli-ni of y\ nun ■>[)< - ms. 

'\W lengths of the fiber tracheids and vessnl-siynu ms in nmsi dienu li dnii- 
h;rvn to be obtained from inacerntions. 

dhe measurements of the. cells ot cnnilers. recorded in ilie I'nllnwin;.:. 
tih'i' obtained from serial, tangeniial, liaiyitiidin.il secnmis of the 

taiiib'ium and adjacent xylem, and were eheelmd by nu asiuvniems l.da n 
from macerations. In the rase of the dicc)Vyleilon>. dm t.duilated \aints 
,^v^'rc secured from tangential sectionsof thecanihium and niaia-iatimisof iJu’ 
-.lUcruiost layer of the underlying .\ylein. d'hi‘ nmans arc at eragL's nt tifi\ 

' ,.a-nrements, and their probable errors vary Irntween 0,00^ and n.05 nint. 

Iris evident from these data that in Oingko and the tUnifcrac ihc kaiytli 
of the cambial initials closely rescmibles, but iisnallv is dl^liib le<> ihand 
tint of the tracheids of the last formed gn)\\th l<i\ci ot dm x\lt. in. In die 
dicotyledons, on the other hand, the meiTtcmatic cells are in iimsi ca^cs 
ct.mklerably shorter than the fiber tracheids, bur arc ot approxiniaicU die 

length as the vessehsegments. However, thev tend to In* diyluh' 
shorter than the vessel-segments m species lAlmn, Ku])iclca, M\ii>tuM, 

1 iquidambar, Rhizophora, Nyssa) hax ing ]iriiiiid\e ty|H> ol n>sch. and a 
Ihtle longer than these cells in plants having highly speciah/ed cnmiimf.ig 
w.=^tenis. Therefore, by allowing tor a 5-10 percent ciior. il is ].nssiblc t.> 
u.e the tracheids of gvmnosperms and die vcssehsegnmni^ oi arboics. ciit 
;aKl fruticose dicotyledons as indexes of the approximate leiigdi ol die 
caiiildal initials in these txvo important groups of the > asculim p ant^. 

The principal types of size (length) variations that occur ni dm tiache.nc 
a-lls of the secondary xylem arc doscl,- paralleled l,v sumlir lund.niienial 
fioctuations in the longitudinal dimension ol rambul nnl.als, 1 In . 
these mcristcmatic colls eary in liilterenl parts of a plain or 'y;''’' ' 

viduals grown under different environnie.ilal , n.id, lions, and in . 1,11 unt 
groups of the Siphonogama. 'I'hey are celatneli sioit in ' I” 

ami twigs of Gingko and Coniferae. but diinng -ilisequen, 1 ='""' ’ 
ill length for a period of e'ears i.ntil a cer.ain sne level has 
uftei- which they fluctuate more or less in response to eaiiniis > . e 

and environmental influences. In aimpaial: e r ;'';’™;;; 

leiigth-on-age curve for the cambial initials lem s lo % ion 
ami Hatter in the dicotyledons than in the com its. .n" ' i.,,,|;|,,, ^v-leins 
highly differentiated vessels" than in those in which the roi s ■ . ^ 
are relatively primitive (text fig. 3 > 

' .Mischke's {1890) calculations of cUmi-sWwn are based iqi^'ii an <' n 
has Icen pointed out by Klinken (TtJMb , 1 tlic shurr <’iuiibial inidals, 

Uain highly speciaii/e<l dicotyledons the . 

vc-iiK.'Pri.errnients, anti substitute fibers mat' coim .11 gfiijif, iiih7.V-7 b'. 

o-^bne increases in the circumference of tlm stem, as sui^Keb. .... - 
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Table i. 

Comparative Lengths of Trackeary and Meristematic Cells 

GYMNOSPERMAE 



Cambial Initials 


Trac!,,. 



Max. 

Mean 

Min. 

Max. 

; Mear; 


I. Ginkgoales 

I. Ginkgoaceae 

* Ginkgo biloba L 

3.0 

2.2 

1.4 

2.9 

1 

1 2.2 

).a 

If. Coniferae 

2. Taxaceac 





® Taxns cuspidata Sieb. and Zucc. .... 

1,6 

1. 1 

0.8 

1.7 

i 14 


3. Pinaceae 

(fl) Abieteae 






Pinus Strobus L 

4.0 

3-2 

2-3 

4.6 

34 

, ,, 

Picea Abies (L.) Karst 

4,2 

3-3 

2.4 

i 4-2 

3.6 


Larix decidua Mill 

5-0 

4.0 

2.5 

54 

■ 4-2 

V- 

® Pseudolsuga taxifolia (Lamb.) Britton . 

1.6 

1 .2 

0.7 

! 1.8 


n«, 

® Abies Nordmanniana Spach 

1-5 , 

l.l : 

0.7 

j 1.8 

1.2 

I.i) 

® Cedrus libani Barrel 

2.6 

1 2.0 

1,2 

! 2.7 

2.1 

1 , ; 

^ Tsuga canadensis (L.) Carr 

1.8 j 

1.4 

0.9 


1.5 

I.I 

(fc) Taxodieae 

® Sciadopitys veriicUlaia Sieb. and Zucc. 

1.6 

1 

0.7 

j 1.6 

1.3 

1,(1 

* Sequoia gigantea Lindl. and Gord 

4-5 

i 3-7 

2.S 

1 4-5 

' 3-8 

(c) Cupresseae 







® Thitja occidentalis L 

2.1 


0.7 

’ 2.4 

1.7 


Juniperus inrgimana L 

3-0 

! 2.2 ' 

I.O 

3-0 

2-3 

1.4 


ANGIOSPERMAE-DICOTYLEDONEAE^ 


Vessel-seg'menis Cambial laitials Fiber Traclit: :- 


A. Archiciilamvdeae 
1, Sai.icai.ks 

1. Salicaceac 

Popidus sp 

11. Jl'clandales 

2. Juglandaceae 

Carya glabra Sweet , . . , 
Carya ovata (Mill.) C. 
Koch 

III. Fagales 

3. Betulaceae 
Ainus incana (L.) 

Mop.nch 

Belida populifolia 
Marsh 

4. Fagaceae 

Qnercus alba 1 

IV. Urticales 

5. Ulmaceae 

IJlnius americana I .. . . 

, V. Ran ALES 

6. Trochodendraceae 
Euptdea polyandra 

Sieb. and Zucc 

7. Annoiiaceae 

A nnona reticulata L. , . 


lax. Mean Min. Alax. Mean Min. .Max, Mean Mir;. 

>.70 0.50 0.19 0.66 0.49 0.35 1.19 0.90 ti.i'I 

0,63 0.43 0.20 0.70 0.56 0.40 1.69 r.13 fM'>5 

<^•55 t>'5i 047 t).6o 0.52 0.42 1.69 1.30 

o.84| 0,66 0.43 0.72 0.60 0.34 1.20 1.89 

1.171 0-65 0.94; 0.70 1.60 1.31 '’ I'E 

O. 6 O 1 0.46 0.36 0.67 0.53 0.39 1.42 1,01.1 C.N) 

' i ! 

<^>‘33 0-21 0.47; 0.35^ 0.27 1.96 r.53 i.ii! 

0,97 0.72 0.39 0.86 0.63’ 0.40. 1.42 0.93 0.59 

0.29 0.13 0.39: 0.33’ 0^22 1. 71 1.2^ o.\; 


® Material obtained from small branches or yonng stems. 
^ Material obtained from stems of various ages. 
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Tarle I {CominuriD 

j Vessel. siyiiietns 


li:,r !. . .. 

Max, Mean M^d. M. v, Mean M- Mean \I n 


\[ >>.-U I..!-' <"M ..-->1 


Phaeanihus ehratleo- i 

latus Merr. o.,s8 o,-;() o.a;, 

8 . MyrisLicaceae 
MynsUca phi! ippensis 

Lam 1.64 1,42 0.S4 1,^1 j.oi. i,(«, 1,1 > 

9. Lauraceae 

Litsea ghdinosa C. R. 

Roh I 0.74 0.52 ().v> (*,70 ti.y; (1, ^1) 1.^) (,.,,5 

Sassafras ofidnalc 

Nees and Eberm 0.50 0.39 :;.22 o-.so 0,27 <i.(.i ci. 

VI. Rosales ! i 

10. Pit(os()Oraceac j 

PiUosportim pentan- j 

(iT-wm (Blanco) Merr, i 0,90 0.66 0.29 1.01 o.so 0,51) 1,22 o.iiij <).;(( 

1 1. Hamamclidaccae j 

Liq^uidambar Styraci' j 

flua L 1.39 0.7^1 0.41 o,9.s 0.70 0.90 1.75 0.(17 


12. Rosaceac 

Pyrus Mdlus L 

Frunus serotina Ehrh. . 
Pyrus sp 

13. LegiJininosac 
Robinia Pseudo- 

Acacia L 

VII. Geranialks 

14. Burseraceac 
Catinrium viUosum 

F. Vill 

15. Meliaceac 

X ylocarpus ^ranaiu m 
Kocn. var 

16. Euphorbiaceac 
Pjxcoecaria Agallocha L 
GhchuHan litlorale Bl, 

VI IT. SArlND.ALF.S 

17. Anarardiaceae 
AnacAirdium occiden- 

tale 1 


0,72 0.31 0.29 0.74 0.53 0.34 1.20 (i.itS 0,(11 

0,5s 0.45 0.33 o.5<> (i.4() 0,32 1.40 (i.i)v 0.5.S 

o.So 0.57 0.44 0.77 (i.fiL 0.52 1.17 0.92 o.5<) 

0,32 o.rM O.J3 0 . 3 T 0.17 0,14 1.40 «).S7 o,5.'>: 


0.66 0.49 0.31 o.S() 0.54 0.34 1.2O 1.00 0.30 

0.47 0.36 0.13 0.(17 0.37 0.23 1.39 0.1)7 o.<)i 

0.87 0.39 0.29 0.S7 o-Ei o. 1 1 1.17 o.S(i o. sfi 

I.3!S 0,90 U.36 I. 3 I 1,04 0.72 1.^4 I. .32 0.92 


tale 1 (M 2 0.37 0.70 (M 4 'M^ 

Buckanania arborca VA.' o.bT) 0.41 0.39 0.(0 0.41 0.37 i.i, 0.9^ o..,4 

Koorde.rsu)dendron- pif!-'. o.B* 0-52 ‘'•29 0-^3 ‘’d 4 

naUnn Merr 

Mangifera monandra [ ,,, no-nt- 

Merr ! 0.72 0.32 0.29 0.83 0,57 <M 9 'M-' '' <'3 

Semecarpus cuneifor- \ 

mis Blanco | 0..52 0,29 o-od (M 3 ^>-'9 Fi- " (9 'M 4 

1 8. Sapindaceae ; noL 

Guioa Perruttetii m — i 0.45 0.38 0.32 o.Wi 0.43 -.n -■ 

Sapindus Saponaria L - 1 
var. Turczanino'd'n \ 

Vidal 

AaXZumL !.>.64 0.4, 0.27 oM o, 4 '» ».,y' '.^4 -.“I 

IX, MAL VALES I 

20. Tiliaceae ! 

Columbia senaUJolia \ n -'7 i : > M 4 i.'H 

DC ^0.57 y' 4.3 0-30 ‘^. 7 , 0.4.3 ‘-aa y 

Grewi'a muhijlora] \iS 5 . \ o.M 0.25 O-M 0.37 F09 i-io - 4 ' 

21. Malvaceae I 

.-5 .U4 -H .. 4 > .-45 .--1 •M'! 


! 0,41 0.25 0.14 'M3 0.19 Ffio 1.20 o .<»8 
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Table i {Conchided) 


Vessel-segments Cambial Initials Fiber I 


22. Roinbacaccac 

B 0 m byridendron Vtda I i - 
Merr.and Rolfe 

23. Stcrculiaccac 
Ileritiera Utloralis 

Dryaiid 

Kleinhovia hospila L. . 
Pte/ospermum niveiim ! 

vid ; 

Steradia foetida \ 

Tarrietia svlvatica i 

Mcrr 

X. Parietales 

24. (jiittiferae 
Calophylhim Blancoi 

PI. and Tr. . . 

Gardnia dnkis Kurz. . 
Giirdnia sp. (probably 
laieri flora 1^1.) 

25. DIptcrocarpaceao 
AuiMpiera tItKi'ifera Bl. 
Vatica Man^achapoi 

Blanco 

Xi. Mvktiflorae 

26. Lythraceac 
La^^erslroeinia speci- 

osa (P.) Pers 

27. r.ec> thidaceae 

Ba rringlou ia raceinosa 
(L.) Roxb 

28. Rliizophoraceac 
Bntgiaera parviftora 

\\. and A., 

Rhizophora ^p. (prob- 
abl\‘ Candelaria 

DC.) 

29. X>'S5aceae 

Nyssa sylvatica Marsh. 
XII. Umrei.i.ifi.okak 

30. Araliaceae 

Bhefllera odvrala Mcrr. 

and Rnifc 

B. MKTACnL.A.MVDEAH 

XI II . COXTORTAE 

31. Olcaccae 

Fraxinus americana L. 

XIV. Rudialhs _ 

32. Rubiaceae 

Ixora philippinensd 

Mcrr 

Fs vchotna luzoniensi.^ 
F. Vill 


0.37 0.31 
0-33 

0.50 0.37 
U.48 i:>.35| 

0.34 0.27 


0.99 0.61 
1.24 0.80! 

1.04 0.781 


Mill. Max. jMean 

Min. ; 

0.28 0.43 

0.36 

0.33 

0,25 0.36 

0 . 30 , 

0,27 

0.19 0.48 

1 

0.36 

0.27 

1 

0 . 19 ; 0-43 

0-37' 

0.30 

0 . 30 ; 0.45 0.37 

0.32 

0.18 0 , 34 ! 

1 1 

0.28 

0,21 

0 . 36 ; 0.90 0.59 

0.41 

1 0.48 1.09 

o.Soi 

O ..52 

0.48 1.02 

1 

0-74: 

0.52 

1 0.36 0.72 

0-54| 

0.41 

0.36 0.81 

o, 6 i 

0.41 

I 0.18 0.50 

0.33 

0.21 

; 0.39 0.90 

1 

0.72 

O.. 5 O 

1 ' 0.60 I. 2 H 

0.99 

0.64 

) 0.46 0,95 

0-73 

0.30 

j 0.88 T .27 

0.83 

e .54 

> 0..56 0.97 

0.84 

0.66 


0.66 0.76 0.52 (' .V 
0.48 0.31 0,18 0.37 0.29^0.18 1.38' 0.96 (-1.54 


1.13' 0,62: 0.50 1. 17 0.76 
0.95 0.67 0.37: r.o8 0.70 


0.43 1.78 l.L'' I'.Ob 

0.45 1.5.3 l-I' 


Variations in Cross-sectional Area and Voluaie 
The variations in the length of cambial initials are not neiUralized by 
concomitant changes in the radial and tangential diameters ol the cclb. 
On the contrary, the cross-sectional area of the elongated meristeiiKitic 
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, tends to be somewhat larger in oltl Uian in \ r!\ vcuii- -u nh-. ,,i 

iii< . gyninosperms than in dicntyledons. In Dtlur wim,!., .Ih- l, nn. . 
ions in length are paralleled by similar variafimis in : ■ 

■•'he traclieary. elements of the secondaiy wli-m uih; i,, in.i, Ju 
v^. 'nnc during differentiation. In the ease el die traeh.eie^ (.! y, , .e 
increase is due primarily to “radial" eNjxm.doji and eMnil.e . r , 
cimigation. The tangential diameter of the dex elopim: ii.ieheid-^ iviii ii:;. 
nc-. rly constant. In arborescent and friitiense illeotyledi .i,-. mi dir ..din 



Text Fig. 3. Normal lengtli-oii-ag« curves for eaiubial iiilliuls am! (rirlnoin (■<■)[> m 
■•l) typical conifer, (2) dicotylalon ha^•ing primidve >e.ssds. and i.iv riimiyl iKidirs iodily 
'pfcdltzed lesseis. r, cambimu; t, tracheidsy/, liber traelieids; r, ve,-s,el-segmi nis. 

hand, the volume of fiber tracheids tends to be much inlluenred In- el mi ga- 
rirm, and that of the vessel -segments by “tangeniiar’ as well as by ’‘r.idial” 
expansion. As indicated by vSania (,iS7~^) h'*' syheslrn J... b\- ll;irng 
and Weber (1888) for Fagus sylvalka L„ and by Prichard and bailey < i<>i<o 
for Carya ovata (Mill) K. Koch, the cross-sectional area and vr-himc rd 
tradicary cells tend to be larger in the outer than in the inm'niKmt gniwi 1 
layers of the stem. In gymnosperms, the changes in the xoliime nl i k. 
tracheids in succeeding annual rings are closely dependent iipnn \aiiai]on> 
in the length and volume of the cambial initials, wher<'as, 111 many ol l u‘ 
more highly specialized dicotyledons, the Huctuationi* in xounu. o 
fiber tracheids and vessel-segment.s in \'arious parts of the stem are < u(. 
largely to changes which occur during the ditlerenti.uion ul the tiar uai 
elements. In the dicotyledons as a group, the shortening ol t rc v.nn ,1.1 
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initials and fiber tracheids — which is closely correlated with the de\ eli , ^ 
and specialization of vessels — results in a reduction in volume ot 
elements, but the decrease in length -of the vessel -segments frequc i 
more than compensated for by an increase in their cross-section,. ! ^ 

Thus, there is less contrast between the volume of the tracheids in 
sperms and that of the vessel-segments in dicotyledons than there is I n 
the size of the cambial initials in the two groups of plants. 

SiGNIFICANXE OF SlZE VARIATIONS IN CaMBIUM AND XvLEM 

These fundamental types of cell size variations, and concomitant [iuc- 
tuations in form and .structure, are significant in the investigation ,,i ^ 
number of cytological, morphological, and physiological profile] iih. as 
well as in the study of the identification and mechanical properties of linilkT, 
and will be discussed in greater detail in subsequent papers. 

In view of the numerous factors or complexes of factors which afleci tlic 
dimensions and volume of cells, it is not surprising that coritradiciury 
conclusions have been reached by different investigators who have atteniprc d 
to generalize concerning cell size after limited induction. The data at 
hand indicate very clearly that the undifferentiated, actively dividing and 
growing cells of the lateral meristem or cambium may vary greatly in sixe 
in certain plants and remain relatively constant in others. 'rherefotL-. 
very different conclusions concerning the constancy of cell size or of a-\\ 
number may be expected from intensive experimental investigations, depend- 
ing upon the particular plant or portion of a plant which is selcrlrti for 
study. Similar discrepancies may be expected concerning body size and 
cell size. Depauperate plants (physiological dwarfs) frequently havu 
smaller tracheary cells and cambial initials than individuals of noniKil 
stature, indicating a close correlation bet^veen cell size and bod> size. 
On the other hand, a large dicotyledon may be composed of much smaller 
cells than a small conifer or dicotyledon of similar age, suggesting th.n 
variations in cell size are independent of fiuctuations in body size. 

Sachs (1892, 1893, 1895) and Slrasburger (1893) almost simultaneously 
called attention to the fact that undifferentiated, actively dividing and grow- 
ing cells of plants, such as occur in embryonic and mcristematic tissue., 
arc. relatively minute, and concluded that this is undoubtedly due to the 
fact that the working sphere of the nucleus is very restricted. Strasfiurger 
found that in terminal meristems the ratio between the average diameter 
of the nuclei and of the cells is as 0.003-0.16 mm ; 0.005-0.24 mm., or 2 : 3. 
and Sachs pointed out that, although plants vary enormously in their linear 
dimensions (o.ooi mm. to loom.), the size of their constituent cells is relatively 
constant (0.001 to 0.05 mm.). Winkler (1916) reaches similar conclusion^ 
He states that in meristcmatic somatic tissues the cells are of nearly unitorm 
size and contain the diploid number of chromosomes, w'hereas in non- 
meristernatic somatic tissues, in which multinucleate protoplasts, nuclear 
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, .ions, and changes from the diplokl to iIk' totraplriid ,,,■ pnK,,:..:, ,,„i 
.-Ion are of frequent occurrence, many cells dcpari. widely inJv'ihc'Z 
]i. ritcd, specific cell size of the plant. Therelorr lie thaf i!h >!■ i^' 

c .nc correlation betw'een cell size and chromosomal ma- in 
j;. itic and non-meristematic somatic tissues. 

Reconnaissance surveys of the higher plants imliraic ih.n ih,- 
slaiUld provide a favorable medium for testiiiy ilu‘ \alidii>’ of ih,>s- !,mi 
ciu’.ilar generalizations concerning cell size, the working ’ sphere .ri du- 
nucleus, and the nucleo-cytnplasmic relation. \ov only il,,rs the .oera.'v 
.iat of the cambial initials fluctuate greatly in difterem gruui>s itf the 
Siphoiiogama, in different parts of a given individual, .md in plants grown 
under different environmental conditions, but adjacent elements nf th<' 
lateral meristem vary considerably in length, cross-sectional area, .md 
volume. The cambial initials are of two distinet shapes and si/es: lO 
numerous large, elongated cells, whose size wiriations ha\ e heen dest'itheti 
on preceding pages, and (2) scattered aggrt^gatious of small, more ..r less 
isodiaraetric elenAtnts which divide to form the horizontal sheets of radially 
disposed parenchyma, so-called merkillnr\ rays, d'ht' bulk of the divisions 
In both types of initials is periclinai, or parallel to laugenis to the circum- 
ference of the stem or root. In other words, the hirge cells di\itle in a 
tangential, longitudinal plane which is ti di\ ision plane of nuix'nm} art'a, 
whereas the ray initials form [tartition membranes that commonly are 
surfaces of mmimal area. In gyjunosperms tmd less highly differentiated 
dicotyledons, the cambium does not inennst' its periplury by radial, 
longitudinal divisions of the elongated initials and kiteral eiilargi'menl of 
the products t)f such divisions. Instead, the cells (‘longate, sliding by one. 
another, until they ha\'e attained a certain length. They then divide, by 
means of a pseudo-transverse partition, into two short halves which in turn 
elongate and divide.® Owing to the fact that the initials do not elongate 
and divide (transversely) in unison, tlierc is usually a \eiy considctalffe 
variability in the length and pari passu in the volume of adjacent fusiform 
elements. However, the volume of the more or less isodiametric ray initials 
is very much less than that of even the smallest fusiform initials, and is of 
the same general order of magnilutle as that of the unditferen tinted cells of 
the embryx) or terminal meristem, Therefore, in any partiniiar ])ort!nii of 
the cambium of these plants it is possil.de not only to study cell division 
and the nucleo-cytoplasmic. relation in adjacent fusiform initials of very 
different length.s and volumes, but to contrast them with similar phenomena 
in adjoining ray initials, w'hich resemble (he colls ot the terminal meristem 
in size and shape. Furthermore, by proper experiinental methods, the 
fusiform initials may be induced to divide into small isodiametrw units of 
the general order of magnitude of the ray initials or embryonic cells, and 
subsequently to regenerate elongated elements of uorJiial dimensions. 

' During this profcess of elongation, beiwccii successive transv(?rsfc divisions, the ceils 
contiimo to divide in fciie tangential, longitudinai plane. 
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A number ,of interesting cytological problems suggest themself ^ 
this connection, (i) Are the large, elongated initials multinuckv; 
hypcrchromatic in conformity with the generalizations of Sachs, -- 
burger, Winkler, and others? (2) Do the nuclei divide mitotlcali 
amitotically? (3) What is the nature of cytokinesis in cells wliici . .. 
several hundred times as long as they are wide, and yet divide longitudir, , 
These and similar questions will be considered in the next paper < ^ 
series. 

Summary 

1. Reconnaissance surveys of the higher plants reveal striking vaihii: >115 
in the dimensions and volume of the cells of the cambium and secon?i,irv 
xylem. 

2. Certain of the size variations are purely somatic, whereas otiuis 
arc germinal. 

3. In many plants the dimensions and volume of trachcary cells jre 
determined primarily by those of the cambial initials, whereas in others 
they arc due largely to changes which occur during the differential ion of 
the xylem. 

4. These fundamental types of size variations, and concomitant fiuc- 
tuations in form and structure, are significant in the investigation of various 
cytological, morphological, and physiological problems. 

5. The cambium appears to be an unusually favorable medium for 
the study of problems relating to cell size and body size, tlie working .sphere 
of the nucleus, the nucleo-cytoplasmic relation, and phenomena of cyto- 
kinesis in .somatic tissues. 

In conclusion, the writer wishes to express his indebtedness to Doctor 
E. D. Merrill, Director of the Philippine Bureau of Science, for his kiiuincss 
in sending carefully preserved and identified specimens of a nunihcr of 
tropical plants. 
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AN APPARATUS FOR DETERMINING SMALL AMOUNTS ; j' 
CARBON DIOXIDE 

R. C. Wright 

Certain investigations carried on by the Bureau of Markets in ccjii,;. 
tion with the storage of fruits and vegetables require a simple and r.inicl 
method of determining small quantities of carbon dioxide in the air of lj, ith 
common and cold storage plants. The Orsat apparatus has been used to 
some extent in this work, but is open to objection because it will not measure 
small enough quantities, and the apparatus is somewhat heavy to carry 



Fig. I, See te.\t for explanation. 


about. Titration methods are, of course, the most accurate, but the neces- 
sary equipment, which is not easily portable, makes these methods practical 
only in what might be termed stationary experiments and where extreme 
accuracy is necessary. 




FOR DETERMINING SMALL AMOLVl'S OF (AKFuS 

The volumetric apparatus which has been fle\ e!< jn-i b\ -i, , > • 
tl , advantages of being light, easily portable, mcasurh, v 

ai i so simple in construction that it can be used by m’,! ^ 

T: - apparatus is made entirely of glass ami niomm-.i J ' , ' 

-rminations ranging from oj to 3.0 percent. 'Idn. iMlibn'i 's, 
ai ., sufficiently far apart so that readings by iiu\M‘p(dat:<;i/i!) " V ' 
0.n3 percent. The apparatus can readily be used in ihe rin.,-' ('i-'i'" 
qe.irters and poor light often found within .storage mnius. Idub' 
urination takes from three to five minutes. ' ' ' 

rhe carbon dioxide apparatus described herewith isre iigun- ) '• rnfNi 
of a bulbil and stem of about 150 cc, capacity, a stupidck /•’ 1 In) V'- 
tube C\ a two-way stopcock D, and a funnel d'he apparatiis is tilled 
with air to be analy^ed, and sodium hydroxide is inimdiiccil to ah-nrh 
the carbon dioxide w^hich is replaced hj- water entering from the baLniee 
tiihe C, The height of the column of water in the tube gives dir(Vilv 
in }>crcentage the amount of carbon dioxide removed from tlie samjde (if 
Following is adescription of tlie method of operating the earlioii dioxide 
apparatus. Wet the inside of bulb and stem 21 tlteii drain ojk' mimile 
Fill the balance tube C with water. The water should rise in the balance 
tube ivist to fill the bore in stopcock D. Be sure no air lailhdes tire leil inside 
the rubber tubing. Turn the stopcock D to make connection with tla^ 
outlet C. Open the stopcock K, and by means of .1 liulb altachci) at t;, 
pump into the apparatus sufficiejU air to get a represimlative sumpU', ur 
place the mouth over G and draw through the apparatus .sufliciimt air to 
get a good represetdative sample within, d'urn D to conni'ct with C. ) ,ou (t 
the balance tube C till the level of water within is slightly Iwlow the b(U{!nn 
of tul>e B, Fartially fill funnel F with a saturated solution of sodium 
hydroxide. Alloxv this to enter t;hc apparatus slowh-. (dose /\ and raise 
the balance tube to allow two or tfiree cubic centimeters of water tfi enirr 
tube B along with the sodium hydroxide, then close /) ami li]) the apparatus 
to allow the liquid to run into bulb A. Shake gently to allow the li(jiiid 
to splash about in bulb ,4 to facilitate absorption of ciirl)on difjxide. 'rurn 
the apparatus upright. Oj)en lint stopcc/ck D to connect witli the Ixtlaiice 
tube C. Raise and lower the balance tube C as far as possible five or six 
limes to force the rapid diffusion of sodium hydroxide, thus making ihe 
liquid in C of uniform density tkroughoul. .\lk>w liquid to drain down 
from the side, of the apparatus for one. minute, then hold the luilaiice tube 
so that the top of the column of liquid \Yithln is on a level Avitli that in tube 
/I- thus correcting foriatmospheric, pressure. Read the height of hqiiid in 
tube B. (Because of the unequal capillarity due to the diifevcnce in diam- 
eters of tube jB and the top of leveling tulu' C\ when making a reading hold (’ 
so that the top edge of the meniscus is on a level with the holioni of Ihe 
meniscus in B.) The reading gives directly in ])eicTntnge the amount of 
carbon dioxide originally present. Rinse out after each determination. 
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When it is desired to analyze a sample of air from a container, slk 
barrel or box, attach a bulb at G as usual, then connect the intake end ■ 
bulb with a tube through \vhich air from the container may be pu; 
or attach a rubber tube at G through which air may be drawn fru 
container by placing the mouth over the funnel F, taking precautii 
W'ash off all sodium hydroxide from about the sides of the funnel. 

When operating the apparatus gloves should be worn and it shou! 
be held close to the body, as the heat wall expand the air within aiii 
results wall not be obtained. 

Bureau or Markets, 

lu S. Department of .\grici:lture 



the secretion of IXVER'rASF in' 


i^i..wr k.h)T- 

Lhwis K-Mikox 

;,x an earlier paper (Knucison, 3) on the utilization nf ,v. i„,in r.ii . 
(IwU'.^by green plants, the observation was repeateilly ujn,!,. ,h,t[ ivburin - 
su^.-'s appeared in culture solutions ('oiuaiuin;< sunxwr. 1,, 

,hi- possibility of invertase secretion the tollowinn stalcnimi- u.av niadi" 

■ [t has not yet been de/Initoly proved thai lhi.> iiiNc-r.-iun (,i Mivli.iOKi i, ijnc ,,, , 

>o.Teted into the culture solution. It is pu^>il>U- th.ii liiv s;u* I mh-m- iiiu ruO iu [hr 
liikI the reducing sugars are secreted, init this is less piMl,,il,le. ], j.. ,,il, 

ihiit the enzyme may be released as a result of the i!c;i!li of rooi li,[:r,. m ,.[h, ,• ji^ 
nidt and that it is not secreted from li\ ing cells.” 

A few observations have been matic.by other inv('>iiu,,it,i> ,,n this 
subject of enzyme 'Secretion, but the ob.-er\-;t(ions lia\ c been (,nly inciilcnul 
to other investigations and the few report.^ ;ire coiulinitiy. It M-.-ineil 
desirable therefore to investigate tliorougliN- rlu- |)<)s>iiiiliiy ,>1 ,-ii/\nn‘ 
secretion and particularly that of in\criuse. since it is tins en/xinc duit 
most likely to be found in the rcKUs of plants. Acconlingly ihr invoti- 
galicut here reported was tUKlcrtakeju Not all the r.xperinn nis pei lAmud 
are reported, but those omitted are in agreeiueni v'uh ihv n^uUs lun- 
given. 

iMKTiroDs- 

The methods employed arc essentially the same a.*. iiit*se ii>ed by Kmub 
son and Smith (4) in their experiments on the sceretinn of anulase. Tin- 
plants were grown in xvater cultures under sterile conditions, ili.n is. wlili 
the root system iti a nutrient medium free (d mien wu'gatt isms and (he .'crd 
removed from cantael with the culture solution.^. 'I hr l\])e I'f i iiltiiiv is 
dK)Wii ill figure I. The details of manipulatifin arc sulheicnlty di'seribid 
by Kmidson and Smith (4) and need no rejwtiiiim lu-re. 

ITeffer’s nutrient solution was used, with the snbstiiiition. howvwr, o! 
dihasie yiotassium phosphate for the moiUiltasie ijolas.siiini phov])hair. 
The solution was prepared according to the tollowiiig toniuila, ( a Xtlj.: 
4 graftis, K->HPO.( I gram, KXC);, i gram, IMgSf b- 7I i-.:0 i gomi. K< 1 0.5 
jti'uii. FeClj 50 milligrams, distilled water P liters, lu this >u!mion wa> 
iidderl. when desired, sucrose. 

In the use of Pfeffer's solution, according to the Innuiila given, it is. 
essential that precautions be taken to prevent acidilicanou o( the ctiliiire 
w'ltiiion. When the luUrieut solution is spailized in an autiulaw ba a 
period of 30 minutes or more, there may result ;in acid snliuinn. I his 
tippears to be due to the reaction between ealcium nitrate and dibasic iMda-- 
dinu phosphate, whereby there is prc.Kluced some tri-calcivnu ld1rl^phate 
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with the liberation of some nitric acid. If the sucrose is present, tb 
in the nutrient solution, a considerable portion may be inverted 
period of sterilization seems to be a factor in this acidification, for in ■ 
the preliminary experiments no such inversion occurred when th( 
nutrient solution was sterilized at one time. 

Throughout the experiments here reported the following meth- 
adopted. The nutrient solution was made up in two portions. Por; 


'■re, 
■i’ht 
■■' (jf 
’’re 


!i .1 



Fui. I. S?e text for explanation. 

includes all the salts except calcium nitrate. Portion B includes calcium 
nitrate only. To solution A, which is slightly alkaline, the sucrose ^vas 
added. The solutions were originally made up double strength so that 
equal quantities of A and B wotild give the desired concentration of the 
sucrose and salts necessary for the nutrient solution. The method of pro- 
cedure is as follows: When iioo cc. of the culture solution- is desired. 
550 cc. of each solution {A and B) is accurately measured out. Solution 
A is placed in the culture flask and this is provided with a cotton stopper 
with a central tube. Through this tube is inserted the stem of a 9-ccn time ter 
funnel, and the funnel and neck of the flask are then covered with cotton 
to prevent any contamination after sterilization. Solution 3 is placed in a 
liter flask stoppered with cotton and the stopper and neck arc also enclosed 


THE SECRETION OF INVI-RTASK Rv n , ^ 

, cotton. The two flasks are then stvnh/al In. ain.vjix,. t..- 
j,iia:ttes at a pressure of is.poumis. When the .ev'e-u'i' ■ "'■ 

j;; jv urcd info the culture flask containing solutinn .L i i;-.., . ..j,, |- ' ' ' 

jolr.iioii to A takes place under conditions lo ininiiniA- n. [ni-i h is *,'* Vl'^ 
ihe possibility of contamination. The funnel is then ri |/i,!e,',i U " ( V'- 
5te-vper and the cotton stopper and neck of the linsk an- <'<,veivd e 'tin -a - 
o,,r:.-n to prevent organisms and spores from lod^iiiL; in tin- rmmirMlln!,-' 
i-irvumstances which might cause contamination wlu-n ihe -^ivdlin'' n 
transferred to the culture flask, fl'he [Insks are penniiied t.> stand Jua-d 
days before the seedlings are transferred, and at the lini,. ,,i iranKjiLniiin.. 
aiiv that show contamination arc rejected, 

] lydrogen-ion determinations were mad(' In- (he iiidicaior ntmlind. iiMtin 
mixtures of monobasic potassium i)hosphaie and diixisie sodium pliesphaie 
prepared according to the inethods of Soenmseii ! I’riiK'aiix, “i. Tlu-sn 
rjeterminations were made at the outset of the experimetii iind also ai is-, 
conclusion, and in .some experiments mentioned ,snl)se(!iU'mly ilm nMriion 
of the culture solution was followed by adding to tlu‘ ciiiture sulmian ili,. 
indicator, neutral re<l. The hydrogen-ion coiKurntralion is expressed as 
the logarithm (tfie base l)eing ro) of the nonnaliiy with n-siieei tn ihe 
hydrogen ions. The minus sign is undcrstoinl; for example. refers 

to a hydrogen-ion concentration of uv ' normal. 

Sugar determinations in experiment l wen' made by K<aul.>irs mellmd 
[2), and the reducing sugar is expressed as iinert sugar. In all the other 
experiments the volumetric method of dole (i) was used. 'I'his method 
proved to be a rapid and accurate method for the purpose, 'fhe reducing 
sugars are expressed as glucose. In the use of lioth nietho<]s the solullons 
were standardised against prepared sugar solutions, the sugars used heiitg 
of a very high degree of purity. 

Expkrimkxt.s 

Experimefit J. In this experiment (hiii-ida field pea lEisum nm'fisc L.) 
was used. The culture ves.sels were pyrex flasks of one-liter cai> (city and the 
guantity of the nutrient solution was 1050 cc. Sterilir.atidn of tir* s-tlutions 
was effected by autoclaving at 15 pounds pressure for 30 minutes. Seeds 
were sterilised by the use of calcium hypacfiloritc for one hour, d’hc 
]dmt#\vcre grown in a greerihuuse ai an average tomper.iture of 70" 

At the conclusion of the experiment the culture solutioii.s \Ycre tested for 
sterility by plating i CC. of each solution on an agar medium of ITcffer's 
solution [)lus I percent sucrose. Only those cultures that proved to be 
sterile were analyzed. The results follow in table i and a ty]Mcal culture is 
shown in figure i. 

There is in each of the culture solutions coni aining sucrose an appreciable 
pin in reducing sugars, but the gain is relatively .slight as compared to the 
tntal amount of sucrose present. If the enzyme iiiveitase is secreted, why 
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Table i. Canada field pea. Duration, Nov. 2 to Dec. ij, iqi 6\ 42 duvx 


Culture Solution ^ 

! j ; 

^ i Dry Weigl 

i 1 : Water ■ 

' 1 . I'rtins- 
! / 

1 4 ^ ((.lllliC 

: 3 Ceiiti- 

1 -3 meters) _ i _ 

! - • Roots lops 

(Orams) (Grams) 

' Total 
:Sug;ar ini 
Culture 
Solution' 
at End 

, ^ of 

1 ' Experi- 

1 . ment. 

1 Calcu- 

! Total laud as 
i (Grams) Invert 
; Sujjar , 

j (Grams.) 

Redo 

Sugar Sue;.r • 
i Ab- Clllo;;. 
i sorbed Soluti • 
i M atKr:. 

1 -Plant, (,t 

; Calcu- Kyp, ; 

1 latcd as rnnit 
' Invert Calcu 
Sugar liitf-dr.. 
(Grams) Invci, 

Sut'.ii 

PfcfTcr's -p % per cent sucrose 

I 210 ^ 0.130 ^ 0.375 ! 

10,505 4.584 0.216 O.sii 

“ + i'2 per cent “ 

2 230 0.170 : 0.368 

1 0.53H : 4-544 

0.256 0.600 

“ "i" 2 per i'ent “ 

3 170 0.082 ' 0.M5 

0.297 1 4-^>52 

; 0.148 0.497 

“ -p ’ 2 per cent 

4 120 0.140 0.140 1 

j 0.280 . 4.572 

0.228 0.41)1 

“ -p ^ per cent 

5 150 o.ioo ' 0.280 ! 

0.380 ‘ 



is there not a greater production of reducing sugars? The maxi mum 
increase in -reducing sugar is only one fifteenth of the sucrose present. 

Circumstances prevented at this time any incubation experimeiu tviih 
the culture solutions to determine whether or not there would result an 
increase in reducing sugars which might be taknn as evidence of the pri seiice 
of iiu ertase. 

Experiment 2 . The culture methods and conditions were essriuiallv 
like those of the preceding experiment. The nutrient solution was sliglitly 
modified by the substitution of terrous chloride for ferric chloride, and the 
sucrose used was Merck's highest purity. The nutrient solution at the 
outset had a hydrogen-ion concentration of P[H] 6.80. 

Two plants were used in the experiment: corn, variety Weber's Deni, 
and Canada field pea. l.'nfortunately* most of the cultures of ('anada held 
pea became contaminated, and data were obtained from only one siii'roH' 
culture. 

An examination of tabic 2 reveals the fact that as usual a better growth 
is olttained with sugar than without. An exception is culture nimibn- h, 
which was maintained in dil’fuscd light in the laboratory for ten days prv- 
ceding the conclusion of the experiment. 

In cultures 6 to 10 inclusive there was noted an increase in reducing 
sugars, hut none was found in cultures ii to 15 inclusive. The amdiiiu cf 
reducing sugar in the sucrose cultures, while appreciable, is again relativclv 
small compared to the total sugar present. In culture number S ihe un- 
usually large amount of reducing sugar xvas undoubtedly due in i)art m 
contamination by a species of Pcnicillium which made its appearance during 
the last week of growth. The average hydrogen-ion concentralmii 
at the conclusion of the experiment PfH] 7.35. 

In order to determine wliether or not the enzyme invertase is present 
in the culture solution, 500 cc. portions of the solutions were incuhnn-d tur 
14 days at a temperature of 32'’ C. As an antiseptic agent, 2 pmvciu d 
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Tahle 2. Corn. DuraLion, Ih’x. , sgiS (,> r,-'-’ 


. ^ lir\ Wriei: 

Water Trans- 'Z ? 
pireci (i. ubic -5 = 

Centimeters') j- 

ti ■' tf.iaitis ..(.iramj 


I'l. aer’s + sucrose ... 

6 

300 

21.3 f .),220 

).07o 

-m 


7 

326 

27.0 U .410 

1.420 


4* “ • • - 

S 

450 

29.0 0..340 


2 . 11,0 


9 

340 

29.0 o.jpo 

l.v 


+ “ • ■ • 

10 

270 

23.0 0.270 

1.241 


‘ + “ . • ■ 


Control solution no plniir 




I J 

300 

13.2 0.120 

o.fjlo 1 

0,7 V) 


12 

310 

16.5 0.230 

1 .1 > 31 ) 

1 2So 


13 

jgo 

n .3 (:j.220 

0.030 

O.S-II 


•4 

168 

10.5 O.I 30 

0.320 

0.030 



1,4 

300 

20.0 U.I 90 

i. [OO 

1 .2<jO 


’ Kept In laboratory in diffused light for lo tla\ s Iw-lnif aiiah 
- Contaniinatcd. 


Culture Solution 




\m 

ir.llt.llU 


toliione was used. At the end of the 14 days. aii.iKsrs ui-rc again niailc for 
rcdiieing sugar.s. Xo increase was shown in any raM- alter inrtihation except 
in number 3. In this case the amount of redueing sugar had nearl\- dcuhli'd. 
duo undoubtedly to the enzyme iiivertase derived from [he Penii'illiinn 
containinalion. 

In the Canada field pea cultures only one of the sucrose t iilnires n-- 
mained uncontaminated. The duration ol growth in this ea>e was 30 
days, the green weight 14>95 grams, and the timoiuu of rediieing sugar 
present 0448 gram. The total sugar jaresent calculated as sucrose was 
3.711 grams, and .the amount of sugar as sucrose used was 1.042 gr.in]>.. 
The non-sucrose cultures did not show any reducing sugars in tlu' i iilture 
medium. As in the experiment with corn, 500 cc. of the culture solution 
was incubated for 14 days at a tem[)erature of 32'' C. .No iiieretise in 
reducing sugar was found at the end of that periori. 

Experiment j. A white dent varicT\' of corn was used and tlie [d.iiils 
were grown as before in the greenhouse. The duration ol tlu; experiment 
was from June 27 to July 29, a period of 32 days. The cmieentratum (tl 
sucrose was percent. In this experiment tlie ludrogen-ion concent nition 
of the culture solution was again accurately (ieterniined b\ the iiiditator 
method, using anhydrous KII2PO4 and XduHPOi at'cording lo Soereiisen 
and using neutral red as the indicator. In addition to ddennining the 
hydrogen-ion concentration, several cultures were pnoideil, to each ol 
which was added i cc. of a f/J percent solution of neutnil red. the ]>lnpo^e 
being to follow the reaction during plant growth. I his wtis possible ior 
only about ten days, for the plant by the tenth dax' had absorbed ail the 
indicator. From the outset the solution becamie increasingly alkaline. >0 
that it vvas only at the outset that an acid reaction prevailed and (hen the 
hydrogen-ion concentration was only 10“'''' normal. 
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The results of expjeriment 3 are similar to those of the preceding . 
ments. There is the usual increase in reducing sugars; the reaction 
solution at the outset was very slightly acid (P[H] 6.7), and at the cuni i .,;,,^ 
slightly alkaline (P[H] 7.25 to 7.3) 

Incubation experiments were made as in the previous expeii:. ^ts 


Table 3. Corn. Duration of experiment, 32 days. 


Culture Number 

Sugar as Su- 
crose at End 
(Grants) 

1 Sucrose Used ! 
i by Plant 
! (Grams) 1 

Reducing | 
1 Sugar at End ' 
(Grams) ' 

Gain in Reduc- 
ing Sugar 
(Grams) 

16 ! 

4.891 

i 0.940 ■ 

0.476 

0,.376 

17 

4 - 55 « 

I.I8I 

0.400 

0.300 

18 

4.912 

i 0.819 ' 

0-375 

0.275 

19 

4.912 

! 0.819 

0.571 

0.471 

Control, no plant 

5 - 7 .'? I 


0.100 



cius;. |. . • Kv. 



The duration of the incubation experiment was 14 .days. Toluene 2 percent 
was added as the antiseptic agent, and the temperature of incubation was 
35° C. No increase in reducing sugar over.that found in ^he culture solution 
was noted after the period of incubation. 

Experiment 4. This experiment was like the preceding, Canada field 
pea was used and the results appear in table 4. 


Table 4. Canada field pea. Duration, Sept. 4 to Sept. 22: 18 days. 


Culture Solution 

" ' 1 

Number 

Roots 
\ (Crams) 

E)ry Weight 

; Tojis j 
i (Crams) : 

Tirlal 

(Grams) 

Reducing Gain in 

Sugar Pres- Rt(incin.u- 
ent Su)>at> 

Pleffcr's solution + snerose 

I 

, 0.221 

! 0.254 1 

0-475 

839 0.35.^ 

“ + “ ! 

2 i 

0.186 

0.322 i 

0.508 

877 0.371 

" - + - 

3 

i 0.223 

' 0.277 , 

0,506 

! 820 0.314 

“ “ + " ' 

4 1 

0,200 

: 0.260 ! 

0.460 

876 0.370 

“ + “ 1 

no plant 

Pfeflfer’s solution 


i 0-113 

! 

0.216 1 

0.339 ' 

506 

No redurinir 

** ** 

2 1 

0.127 

i 0.309 ; 

0.436 1 

sugars in these 

it it 

3 1 

0.083 

0.169 I 

0,252 

1 solutions 

“ “ 

! 4 ! 

0.099 

i 0.169 ' 

0.268 1 

' 1 


Experiment 5 . Culture in distilled u<afer. 1 n order to determine whether 
or not the character o the nutrient solution had any special significance 
with respect to the increase in reducing sugars, an experiment was made 
using in place of Pfeffer’s solution merely distilled water to which wasaddeti 
I percent sucrose. Canada field pea was used and the duration of the 
experiment was 18 days. The conditions and methods of the experitnent 
•were similar to those of the preceding experiments. 

Only one culture remained uncontaminated. The green weight of the 
plant was 1.35 grams, the reducing sugar in the culture solution (tooo cc.) 
at the conclusion of the experiment was 293 milligrams, while in the control 
there was only 138 milligrams; there was an increase therefore of I 55 
milligrams in the culture solution. 
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\ri incubation experiment was also made. 500 re. >,)iiij)K > nnv i.iLra 
Tji the culture solution and from the contird soiunoti. .uni tnltK iir \v.i> 

' /led. The solutions were incubated at 35'' t', and ihei: a.; d i aniitv/ed im- 
■ ucing sugars. The increase after nine day.s was hut 3 

Xtitrieni solution minus iron salts. Rice and Osa^i .s ia workha, < n 
d"' inverting power of various soils have presented eviiirmw ihai i; 

q( .ucrose may be affected by various colloids and diat tin- in\ei>i,'ti 

• ■v be due to adsorbed adds. In the Pfeffer's soliitiun .titer sterili/aiimi 
tlwre is precipitated ferric hydrate, and this precipitate is imavased alu-r .1 
few days’ growth of the plant. In order to detcrinine wbeiher or ii<n the 
ferric hydrate might be responsible for the intT('ast‘ in reiltn'ing su.i;ar. an 
ex^ierimcnt was performed in which iron was onutted Imm the cuUnre solu- 
The methods were the same as for the [)re\-ious experiments, Suen>s<- 
was supplied at a concentration of 0.5 percent. Corn was again used and 
the plants were grown for 18 days in the greenhouse. dTe diy weights of 
tops and roots were 0.725 grams and 0.200 grams respectively. Analyses 
showed 500 milligrams of reducing sugars, wliile the control solution had 
InW 305 milligrams. The increase was therefore 95 juilligrams. 


Disc css [ON 

What is the cause, of the increase in reducing sugar in the culture nieiliuni? 

Is the cnayme invertase excreted ? The evidence i,s contrary to this idea. 

In no case wa.s there obtained any increase in reducing sugar alter incuixn 
tbn It is possible, of cour.se, that the enzyme invertase ,s exrreled Iroin 
the root in such small amounts that the reaction elferted is very slight. 

It might be suggested, furthermore, that the culture solution is uul.nor.ible 
to the invertase and that the latter is soon destroyetl. It n.e, no ul, 
however, that whenever the culture solution became contaminateil ni l. • 
veast or a fungus, there was a marker! increase m reducing sugars ant! U at 
his ilLse Lniinued after tneubation. The incubation expeninem h.r 
culture number 8 of experiment 2 yielded data in support o th.ssUUemenl 
In accordance with the view of Rice and Osugi (8) it might 
the mucilaginous matter of the root and surroun ing the ™ 'Jl ■ 
well as the cell walls might adsorb basic trn.s, the 
preponderance of hydrogen ions which might 

But since the culture solution becomes inrreasmgK a . .,I,,„n>tion of 

the advent of time, and since this alkahmty is < ue < 

anions by the roots, it is reasonable to \ „f ,hc 

roots is constantly of greater alkalinity than t ie '/ I,,^.,lr<,svl 

culture solutions. In other words, the gradient of contt 

ions falls with increasing distance from the roots. sbughed 

There is still another alternative. The cells o the 
off, and it might be suggested that the root a ^ ^ 

sugar to the culture solution. But, as stated in ano . e 
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the writer has found that the root-cap cells that accumulate at the h: 
of the culture flasks are not dead but apparently remain alive for 
considerable period. Examination of the sloughed off root-cap r. 
the conclusion of the experiments revealed that they were alive and ii: 
condition. Furthermore, the total weight of such cells would not In 
20 milligrams. 

It seems to the writer that there is only one explanation to accoii: 
the accumulation of reducing sugars, and that is excretion of reci. 
sugars by the roots. 

In accordance with this view, the procedure might be as follows: Sn< 
is absorbed by the roots and inverted in the root cells by the enzyme iiu Lt- 
tase. Some of the sugar is used in growth, but there is a superabund.-nee 
of reducing sugars and they accuniulate in the root cells. At the 
there are practically no reducing sugars in the sucrose solutions. The 
concentration gradient between the reducing sugars in the cells and 
outside is steep, and consequently some of the reducing sugars diifuM' 
outward. With the progress of time the difference in* concentration of 
reducing sugars becomes less, but probably it is considerable at all times, 
since at the conclusion of the experiment the concentration of the sucrrise in 
the culture is much greater than that of the reducing sugars; and since there 
is a constant inward diffusion of sucrose, there results a constant produetion 
of reducing sugars in the plant cells. 

In support of the view that the reducing sugars are excreted, the following 
experiment may be cited. Three corn plants wdiich Iiad grown for 30 (lavs in 
Pfeffer’s solution, each plant having a fresh weight of approximately 18 
grams, were removed from the culture vessels and the roots washed in tap 
waler. At 5 p.m. the plants were transferred to culture vessels so that 
their roots alone were bathed in a four percent solution of sucrose (Merck's 
highest purity). Three culture vessels were used and 400 cc. of the sDiuden. 
The roots were kept in this solution for 16 hours. The plants were then 
removed and rinsed seven times in tap water, and then the plants were 
transferred to culture vessels this time containing distilled water. The 
plant roots remained in distilled water 7 hours. The total volume ul 
distilled water was then reduced by evaporation to 100 cc. This was 
analyzed for reducing sugar and the determinations gave 14.5 milligrams ol 
reducing sugar. 

In another experiment plants were used which had been growing in a 
nutrient solution plus sucrose, and treated in the same way as in the 
ceding experiment. There were leached from the roots of four plants 
75 milligrams of reducing sugar and 1 50 milligrams of sucrose. 

The secretion of sugars by the roots of plants may seem at the outset to 
be a rather startling idea, yet theoretically there is no reason why this 
should not occur. Wachtcr (9) reported considerable excretion of sugars 
by slices of beets and onions when immersed in distilled water or in salt 
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.(ions, and recently much evidence has Ixvn piocnn'd dmuinc die 
]' hing of electrolytes from the roots of plants isee .Mririll inr a n. \ nav 
7 ,ttrature). 

Summary and (. i inch - lux'. 


I Evidence is presented to show that ('anad.i field -n .i !^:s;tiK ■: .. :-v 
md corn (Zea ways L.) grown in the presence of sncr< .se ran^i an n;. r* 

• - reducing sugars in the culture solution. ^ 

''' ■} The reaction Cif the culture solution is such as lo l.c wiihont imhii n. e 


on 


the sucrose. _ 

, Incubation experiments yielded negative resulis with 


ia>pecl !■> ihr 


iMaseiiceof invertase. . , . 

I The idea is held that the increase m reducing Mig,u > duv m rxcuumn 

„1 these from the roots. 
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DAILY RHYTHMS OF ELONGATION AND CELL DiVi :)X 
IN CERTAIN ROOTS^ 

Ray C. Friesner 
Introduction 

The subject of periodicity of growth activities in plants is by no nu ans a 
new one ; in fact, it is one of the oldest. But a careful review of the available 
literature shows that there are still certain phases of the work which have 
not yet been thoroughly investigated. Two of these are embodied in the 
present paper, viz.^ rhythms of elongation and rhythms of cell division in 
roots under constant environmental conditions. 

Historical 

Elongation 

Aerial parts. Sachs (29,30) gives an historical account of the older 
literature up to his time. No attempt will be made to reproduce it here 
except to point out that the work before his time was all done on hir»e 
plants which grew rapidly and which in most cases had to be observed in 
the open where external factors could not be controlled. Hence, the work 
was only of the grossest nature and led to no definite general conclusions. 
In 1872 Sachs (29) published the results of his study of the elongation of the 
stem in various plants, including Dahlia variabiLis, Fritillaria, Polemonium. 
etc. In general he found that plants exposed to the alternation of darkness 
and light exhibited a single daily wave of elongation in which the maxi muni 
occurred shortly after sunrise, and the minimum shortly after sunset. 
This he formulated into his so-called “universal law.” He further found 
that this daily periodicity is entirely absent from plants grown continually 
in the dark. 

In 1873 Prantl (27) found, in studying the rate of growth in leaves, that 
curves for increase in width are very similar to those for increase in length, 
and that under normal conditions the maximum is reached in the morning 
from 6 to 9 and the minimum in the evening from 6 to 9. He found, further, 
that by changing the hours of illumination and darkness he could shift the 
times of maxima and minima at will, since for each change in the time ol 
illumination and darkness there was a corresponding change in the times of 
maxima and minirna. These results show clearly that the daily periodicity 
here is an induced one. In continuous darkness this periodicity was absent. 
In 1878 Stebler (33) published the results of similar observations on the 

^ Papers from the Department of Botany of the University of Michigan, no. U^<>. 
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^..nwth of leaves of various species among whiclnven .. ,• ,■ 

\y\^are, Allium Cepa, CucurV)ita, Mehnipsom. ru-, UN n'Mil'i' ^ 

that the time of maximum grD^Yth coind^lcs will) li,, **’ 

jj^ht intensity and that of the minimum growth wiili i!;,. , 
light intensity. Here, also, a single daily wave „[ vdn-.n;. 'i; md It. !'!!*'! 
in width was found, though its precise relation to itie tiiiw i,i irtninvum') 
changes was somewhat diflferent. 

In 1879 Baranetzky (3) published the results ol hi, itivcsiioatt.-ns t 
number of species including Gesneria iuhipora, C. I hi, 

jiiherosus (plants from tubers), H. annuiis, Brassini i>!(\ I;i iiricf 

he found that plants which exhibit a regular daily [k-riodicitv when ex|)<,.ci.i 
to the alternation of darkness and light gra<iiia!jy lose this pvrioditmv 
when placed in continuous darkness. The lime retinirnl for complete 
loss varies from two to three days in the ca^.e of Gesneria tubijloni to 14 
days in that of Helianthus tuherosus. FurtluT, the intensity of tiu' rln tlnns 
decreases from day to day. Plants grown from the beginning in darkness 
exhibited no pe.Hodicity except in the case of the shoots of Jirassua rapa, 
some of which showed a very clear and regular rhythm, others a poorly 
defined one, and still others showed none at all. He regards this as due 
to heredity. It could hardly be considered such according to tlic conmtonly 
accepted use of the word heredity . A better term would be lhi‘ “ persistence 
of the habit ” in the tuber, and its subsequent transference to the shoot. 

In 1892 Godlewski (10) published the results of his researches on the 
growth of epicotyls of Phaseolus multifiorus. In the ex])eriment.s carried 
out in June 1888, he found that plants growing under normal cojiditions 
exhibited a single daily wave of elongation, the maximum coming in the 
afternoon and the minimum near midnight. The following year plants 
grown from seeds of the same collecting showed the waves to come some- 
what later, the maximum at evening and the minimum in the morning. 
Further experiments with seeds of a different lot ga\c two dalK' wavc.s. 
Plants exposed to uniform conditions sho^Yed a very considerable \ ariation. 
in some no marked rhythms were found, and in others rather irregular and 
unsteady ones were found. 

Underground parts. The earliest work on unilerground parts was that 
of Strehl (36) in 1874, on the radicle of Lupinus albm L. The conditions of 
hi& experiments were, however, far from normal, inasmuch as the seedlings 
were grown with their roots in water and kept near a west window %Yta‘re 
they were exposed to moderately strong light. In plants thus sui)jecfed to 
the alternation of day and night he found in most cases a single daily wave 
of elongation with maximum coming near midnight and tninitmun near 
noon. In a few cases two waves were found. 

in 1891 MacMillan (23) reported the results of his experiments upon 
the potato tuber. He found that tubers growing in continuous darkness 
exhibited rhythmic pulsations In their growth, showing two, three, and four 
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maxima and minima in the 24-hour period. He further found :! • , 

rhythms of the tuber were related to the periodicity of the aerial p;; 1 

he thought it also probable that the tuber exhibited a rhythm of ; 
which was more or less obscured by the induced periodicity of tiu . 
parts. In 1901 Miss Gardner (9) reported the results of exj)r 
on the growth of roots of Pisum sativum and Vida f aba. She foir -u/ 
roots exposed to the alternation of day and nig-ht elongated much u'l. 
rapidly during the day than during the night. But the conditions < , 
experiment were far from normal, m., seedlings were placed in moist .sau- ai.f 
in wooden boxes with one glass face, and were made to grow in a hori/;i;;i[al 
direction. 

A more recent work on elongation of underground parts is that of Iv Hi- 
cott (14) in 1904. In general, he found that curves for elongation of ri-ois 
grown from bulbs of J Ilium Cepa exhibited three waves of elongation in 
the 24-hour period. Curves for different individuals were quite similnr, 
though differing somewhat in the precise time of their maxima and minima. 
In general, the maxima came in the early morning and laCe afternoon inul 
the minima came near noon and midnight. This work w'as done in ihc 
absence of any changes of environment, and hence is the first work definitely 
noting a regular rhythm not induced by external changes. A brief suinmarv 
of the above account of investigations on elongation should note (liat 
(l) regular daily periodicity exists in the presence of regular daily changes 
in the environment; (2) this periodicity is gradually lost when the plants 
are exposed to constant conditions, though irregular and unsteady variations 
of the type called “autonomic” are reported; (3) the wmrk of Kellicolt on 
the root of Allium is the first to note any regularity in elongation of roots 
grown under constant conditions. 

Cell Division 

Lower plants. A great many statements are to be found in the older 
literature in regard to the time of day of nuclear and cell division among the 
Thallophytes. Thus Braun (4) notes that cell division in the formation 
of the gonidia of Draparnaldia mutabilis occurs between 6 A.M. and it A.M.: 
of Stigeocloninm protensiim, between 6 A.M, and 10 A.M.; of Chdophom 
luberciilata, 8 A.M. to 2 P.M.; cell division in Spirogyra is most rapid during 
the night. Thuret (37) notes that the zoospores of A^aucheria are always 
liberated at about 8 A.M.; those of Cutleria muUifida at daybreak; while 
those of Enteromorpha clathrata escape during the afternoon. FaTiiintzin 
(8) corroborates Braun’s statement in regard to Spirogyra. Strasbiirgor 
(35) notes that cell division in Spirogyra is most rapid at 10-12 P.M.. but 
may be delayed until the following morning if the plants are placed at a 
temperature of 0° to 5*^ C. during the night. De Wildeman (39), on the 
other hand, was unable to note any sensible difference, between d.ay and 
night, in the rate of division in the cells of Spirogyra. His work was dtiiie 
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'ig the winter months from material eolk-eu ii uiii-i.;. , Ki; >. 
'rbports Zygnema as dividing most lre(iiu>ntK' Ih iv,'. ;:' r.M. 

V Numerous other examples from ihe oMli- ; , ..i, ,■;->■! ! ^ 

r' '-ton (12) which will not be reproduced here. Kai>irh 1 ; a; il ;:, .m 
^ ,t paper has shown that the dosniids: Cns)):(ir!.>iii: i'x; . t 
jllferuni; and Mcsotaenhim Endiicheriann});, when s^r(rW)) inirii ; 

I' , ■ditions of illumination, exhibit a regular daily pen'i-da iiv m li- , ; 
nuclear and cell division. Cosmariurn exhilnhs ihrec w.iu-. The luuu.u v 
lua-vinium (about 50 percent of all cells) occuiv a! i uiili Mv.ni.i.i.A 
maxima at 5 and ll A.M. The primary minimimi .ilxaii s [H-rceiii ni .ilj 
cells) occurs at 1-3 PAL, with secondary minima at ,ind “A.M. Siiiiil.i I\ . 
(Tiisteriuni and Mesotaenium exhil.jit regular \\a\es in the inn efii.igc i>! 
cells undergoing division, differing only in detail Iruin ilu' t (iiidhii,!! ,il)n\i‘ 
noted for Cosmariurn. It should be borne in mind ih.u ah '■! the abo\e 
cited cases are reported from experiments carried mi under iinnii.il l oiidiiimis 
of light and darkness. 

Aerial parts of higher plants. The only piihli-heil repnrm <.ii [icriodicitx- 
of cell division in aerial parts known to file writer .ire these n| Kai-'^lni 
1 1 ? and 13). He used as materia) tlte apical meristmn of .-eeilliiig- of risuiii 
snlivnm, Zea Mays, and Phnts ausiriaeii. Seedling^ >h" I'i-mn gn.wn in 
continuous darkness showed a very marked im rea.o- in the ittimlu-r rAls 
undergoing division between 9:30 PAl. and 2 A.M., with a nilniininn f.illlng 
at 6 A.M., while the remainder of the day was oeeiipied widi smaller ihic- 


luations. Similarly, the curve for Zo/ Mays gnm n jii cmitiniimm darkm-s 
shews numerous minor oscillations during ihi' da\-. with .i \er\- marked 
ridiig during the night until the crest is readied at abmit 4 AAL, from whidi 
tinm it falls back again to the day position. Thh rhythm is nidepnuUmI .f 
changes in illumination a?!d (enrprralurc. 'I'he effVcl of .durnatmn i.i d.nk- 
uess^md light was then studied. When plants wen' liglited during the 
dav and darkened during the night, much tlw' same hu-( >'l <'uiye wa.s 
obtained as when in continuous darkness. A hen the tiim's 0! il umm.ilion 
and darkness w'erc reversed, two wonCs appeared whit maxima at h A.M. 
and 6 P.M. and minima at 4 a.ul 10 PAi- When the pl.mt- were 
ointinually lighted the waves were much shorte, am mon mim 
Seedlings of Pinus anstriaca, when grown under normal coudi mi i-, > -- 
maxima at 4 A.M, and 4 P.M. und minima at 12 M. mK ■■ 

Underground parts of higher plants. Ihe eathe>t wot -w o • 

on mots is that of Lvwis (2t). In the preUmiuary mmee oi tin. wmk 1 
shown that roots from bulbs of Allim Cejxr when gnayn in w. y mil 
undc'r normal conditions of illumination, /'.c., legu ai > y ■ 

niplu, slum- two W'a^■es in tli(‘ir rale ot rell A' ..i.ll.tw 

niBlniait am) noon, and tlie minima at 4 .\.V. ami 4 ' ' i 

liedu bm u.eci tire maxima appeared as l-eOre. On wa, 

.S A..\I, and 8 P.M. In blue lisht lha '"aaa™ oecurred „t 4 A.M- 
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noon, with the. minima at 8 A.M. and 4 P.M. Finally, in continual dark < 
the maxima came at 4 P.M. and 8 A.M. with the minima at midnigln ,] 
noon. Two waves were found in all these curves. The work of Kell; - 
(14) also shows two waves in the curves for cell division in roots of .1. 
Cepa grown from bulbs and in moist sawdust. The maxima came at 1 1 ] ‘ 1 
and I P.M. and the minima at 3 P.M. and 7 A.M. It should be noted r 
in his curve I no figures are given for 5 A.M., and that in his curve U ; u 
curve rises from the “normal” ii P.M. maximum to a much higher on- 
5 A.M. This point will be referred to again in connection with my (. vii 
results. It should also be noted that a total difference of 13° C. appcA.if. 
between the highest and lowest temperatures,' though there is apparciiilv 
110 direct relation to be noted in the curves between these temperature 
changes and changes in rate of cell division. Roots of Podophyllum pellaimu 
also showed rhythms in their curve of cell division, though they were mtirc 
numerous than in Allium. 

Karsten. (12) studied cell-division in the root tips of Viciafaba and Zm 
Mays. The curve for Vida faba showed marked maxima at 9 A.M. and 
9 P.M. with minima at 4 P.M. and 7 A.M., and a few minor variation?. 
The curve for Zea Mays showed smaller oscillations throughout the enilre 
24-honr period, though the curve is higher from 5 A.M. to 6 P.M, and lower 
from 6 P.M. to 5 A.M., the highest point being reached at 7 A.M. and the 
lowest at 9 P.M. These experiments were conducted in continuous dark- 
ness. 

Miscellaneous 

It is of interest and indirect bearing on the present paper to ineiuion a 
few other cases in which either rhythm or a daily periodicity is found. 
Pfeffer (26) found nearly the same results in regard to sleep movements of 
leaves, viz., plants subjected either to constant illumination or to constant 
darkness lose their regular daily periodicity. In some cases autonomic 
waves are found under uniform conditions, and in others they are entirely 
absent. When present they show considerable variation both in different 
individuals and in different leaves of the same plant. Baranetzky (2) and 
Delmer (7) have shown that there is a single wave in the daily curve for root 
pressure. The maximum, while varying somewhat in different individuals, 
conics some time in th,e afternoon and the ininimuin about 12 hours later. 
In a recent paper, Romell (28) reports the same results from plants con- 
tinually lighted: “Die Dauerlichtpflaiizcn, ohne Ausnahme, erne schr 
ausgepragte Tagesperiodicitat in der Rliitungskurve besassen.” Hum- 
phreys (ii) calls attention to the presence of two maxima and two minima 
in daily atmospheric pressure, and in electrical potential. Similarly, 
Dechevrens (6) reports, from observations in Jersey, the presence of a 
diurnal rhythm in electrical potential of the atmosphere. Kraus (i 5 - 
and Millardet (24) have shown that the daily periodicity of tissue tension 
is gradually lost when the plants are exposed to uniform conditions. Finally, 
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C '.tiss (5) has noted, under constant illumin.uimi, rhw.hnN in ilu- i.iir nt 
r of certain plants. A pronounced innxinuini pcciua nnar 

111 Iday, with other minor oscillations. He has iunJicr n. iai th.u die 
c . niata are more responsive to stimuli in the mornlnL^ ih.m m du' „tiu’ :i,..,ti. 

From the foregoing account of earlier work it sem dm; m all < !■, . 

. plants are exposed to the normal alternalien of darkiio- ,nid li.^ia 
.'•(liar daily "periodicity” is thus induced; and (h;ii wlu-n dtese c-ndiden^ 
rendered uniform this "periodicity” is ^raduallv lost, hrnin tiw wtuk 
oUvellicott (14), Karsten (12), and from the resuhs i.f the present paiar. 

' is seen that there is present, under uniform mndiiiens. a “ rhythm” 
vhh'h is entirely independent of the “pcriodit'iiv” induced i)\ einirmi 
cntal changes, d'his rhythm is concealed by the nimv pn.mineiU peitn* 
diet ty under normal conditions. Previous workers, including both Kellicoti 
•uid Karsten, have failed to point out this diheretu'e. It is the object of 
this work to'determlne to what extent these rh\ thins are pre^enl in other 
species than those mentioned above, their probable cause, and their relation 
to the time of day. 

Materials and Metuoos 
Materials 

For the present study the following materials were nseil: tadirivs from 
wcdlings ef Cucurbita Pepo 1 ,., Lupimis aibns L„ Pniin, 1 .,, r.f„. 

faba L. Allium Cepa L., and Zea everUi SUirt.; ami rools Irom germmatmg 
bulbs of .4««(OT Cepa L., A. canadense L., and/l. (ennnm Rolh. 


Methods 

Pkngalion. Seeds or bulbs were germinated hi moist sawdust l.His..|y 
packed -m glass germinating chambers. These chambers had one fa, a- gn.un.l 
nlaue aud polished, and measured 75 x too x 400 mm. 1 he plane l.u,' seas 
bled in horizontal lines a mm. apart, (iermmat.u.i, exre|R m a .•w cas s, 
was secured at temperatures constant low, thin one b'," ' 

temperatures used in different senes ranged from 22 tn » ■ Ihe 
cultural chambers -were kepttilted a few degrees from the certnal achd, 

1 c bators in order to have the root tips always growing - rn tlv .d..u 

t of the chamber face. When u'tl i ’h: 

chambers were taken from the incubators and ,he 

microscope fitted with an eye-piecc micromc er ...easuring the number of 
tip of the growing root was then ,he fare of the 

micrometer spaces between it and t ^ .-irr no^sitiim of the tip of 

chamber) below and above it. I n this way t experiment, 

iherootwasdcterminedevcry hourthroiig DU position. 

and the increments of growth calcu ated . . oi nun. absolute 

Since one eye-piece (mici^meter) ^7“ irately to 

measurement, the growth increments 


o.m inm. 
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Cell Division. Root tips of the species to be studied were cui , 
seedlings (or germinating bulbs) germinated at 22 to 26 C. (but ai . 
constant to within one degree for any particular series) in moist sa\n!,; 
ordinary 4'inch pots. These tips were cut at intervals of two hours. : ,, 

96 hours after the seeds or bulbs had been placed in the germinatin.v . .. 
The tips were fixed 24 to 36 hours in medium chrom-acetic solution, w,; . 
dehydrated, imbedded in paraffin in the usual way, cut into sectitu - .n 
microns in thickness, and stained in Delafield’s haematoxylin. Only ]; 
slides showing sections cut exactly parallel to the long axis of the v.uv 
used. Two or three slides were chosen for each hour, and from eacli .ii.l,; 
chosen the median section and one on either side were marked off. Th,. 
slides, hav'ing been previously labeled with a writing diamond, were nuw 
given’ a new number without regard to the first one, and all counting ,;f 
dividing cells was done by this last number. The two numbers were imr 
compared until the entire series had been counted, so that any influona- due 
to a knowledge of the time of day of the particular slide being counted was 

avoided. * r - 

A txpical observation. The slides and particular sections having Ikcii 
chosen for observvition, the diameter of the section was then measured at a 
point where the root had attained a uniform diameter. iMeasuienieiit^ 
were made by the eye-piece micrometer scale and are given accur^ate tn the 
nearest 0.0085 rum. The diameter measured, the slide was moved b\- the 
mechanical stage to a point at a distance from the growing point of the 
tip equal to twice the diameter (measured where the root had attained 
uniform diameter) of the tip. The number of dividing cells in this area 
between the growing point and the imaginary line drawn across the >eui(.'n 
was then carefully counted. Tn order to facilitate the counting, a small 
rectangle was made by gluing four straight bristles (one for each side oi the 
rectangle) into the eye-picce of the microscope. The section was then 
inov wf back and forth through this rectangle for counting. The niimher nf 
cells dividing were recorded under tin; four phases: prophase, meiaphasr, 
anaphase, and telophase. All cells with nuclei betwecii an evident spiatn 
and the completion of the cell plate in the telophase were considered hr 
dividing. Tlie area of the field observed was then determined by carelul]> 
counting the number of squares of a net eye-piece micrometer necessiry in 
cover the field. This area was reduced to absolute measurement m sqiimv 
milUmeters. It w'as soon discovered that the value so obtained very needy 
approximated the value 4^ ^vhere d equals the diameter of the seetinn in 
millimeters. The amount of difference bcl.ween the two methods meniumo. 
above was always very small and constant for a given species. AH oilen a- 
tions of areas given below were made from the latter formula. 

Since it has been shown by a number of investigators, among whofti ure 
Amelung (1), Sanio (31), and, more recently. La Rue^and Bardvrt_ 
that in corresponding organs of plants of the same species variation in k 
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h' 




e is SO slight that variations in si/c ui the 
terences in cell number, and not in cdl s!;;r, Uk' mu’.i„ ■ 
all cases was reduced to the proper pn.poniai. inr„''„’ .’ 
a of one square millimeter. This thus nided erm- p . 
roots of different sizes. This care ^vas taken l.\- KelhVM-- 
litted by Karsten (12 and 13 ). In nil mse.s the area , 'p!,, 
ictically all of the dividing cells. 


'>( laiiitt !\ [M 

dj^ (vIP 
'•rcn 

' • ( 'llM'i \ I f.. .)) 

; I ^ hm 

' ed ( (.lll.i;!;, r 


IXVKS'I'IOATIOX 

Elongation 

Pismn saimm. ^ Seeds of two ^•ari('ties, ?h.. urinlded e.av/P.'rs.. and 
smooth (No. I \Vbite Field of D. M. Ferry. iS; t'o.i. win- i.. 

minate, and when the radicles had attained a Ungih ..I „)fn 
vations began. All obseiA'at i(m.s were made in a dark moin aiid .,t et.n.Mant 
temperatures, so that the results obtained could nm ]m ,> i,!(j,;,.„ivd 

by environinentah changes of tempera i are* and illiimination. dn all the 
(ollowing plant and curve numbers it has bemi tlimight btsi u, ivpi.-diirc 
here the numbers as they actually occur in tlu* oiiginal daln c Sjiacc will 
permit the reproduction of but few C)f the mass uf jigurt s ajtd 1 i)ru-s upon 
which these results are based. Table t shows a rcpnx niaiivt' sm ..f alnn- 
gation measurements; while in table 2 the times of maN'mia and tniihina 
of ten plants out of a total of 50 of this species >uidied arc gnaiiicd. 'I ho 
other 40 are duplicates of one or other of those gi\ cii in this ial)lc. 

Astudy of curves 193 and 194 (figures in table 1) shows (hat elongaiioti is 
rhythmic or oscillatory in nature', three waNCs of elongalion on'iirring in 
the 24'hour period. Elongation is least rapid at 1-3 FAT, rises to a 
maximum at 5-7 P,M., with other maxima at u FAl. to i AAT. and 5 ; 
A.M., and minima at 9 P.M. and 3 5 A.M. d'hesv jdams were of the 
smooth-seeded variety. Curve 174 again shews three waves of elong.ttioji; 
here, however, the maxima occur at 1 1 AAT, 9 IhM.. and 5 AAT, and the 
minima at 7 PAT, i AAT, and 7 AAT Curve i6u also shows three waves, 
with maxima at l PAT, it PAT, and 5 and minima at n AAT, 
9 PAT, and 3 AAT Comparison of tlu'se curves seems to show little mii- 
tormity. They arc, however, not comparable for two reasons; ni ihv‘ 
lirst tivo arc obtained from plants of the smooth-seeded variety an<l tlie 
latter two are from those of tlie wrinkled-seeded variety; t’) genninatlon- 
in the case of the firs! two was begun at. 9 .\AT. in no, 174 it was Vieguu at 
^ PAT, and in no, 160 at 6 PAT In order to make no. 174 comjtarable, 
with respect to time after initiation of activity, to plants startetl at n .\.M., 
it will be necessary to move the entire curve l.uo. 174) backwtird ii Imiirs 
Of forward 13 hours; similarly, no. ibo will htive to be moved backward 9 

■ III all cases throughout this paper the time sfalch for beginning of gtrniiiiaiio)i iliv 
tinit when seeds were placed in the germinating chandlers. 
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Tauu.c 1. Pisum saiiinim. Elongation of Plants r(jj and ig4 {Smooth-seeded mrietv 


Time Temp. 193 | 

IoA.^^ ao.3 0.912 1. 135 

11 0.955 1-867 I -04.5 2. [80 

12 .M 2<».(S 0-^55 0.900 

r r.M. 20.6 0.706 1.561 0*855 i.7S^ 

2 . .... aj.o 0,784 0.855 

3 21.0 i.ir6 1.900 0.765 i.6ao 

4 21.0 1,180 ; 1.045 

5 21.0 ■ 0.H37 2.017 i 0.977 2.022 

6 21.0 0.720 j 1.180 

7 21.2 0,675 1.395 ' 1*135 ‘ 2.315 

8 2t.O 0.315 j 0.900 

9 ' 21.0 ^ 0.225 i i-W)0 1.900 

10 , 21.2 ; 0.651 I 1.085 

11 I 21.0 i 0.457 iii^^ I 0.865 1.953 

12 \ 21,0 0.708 [ 0.955 

1 A.M 21.0 ; 0.425 1.133 ) 0.888 1.843 

2 i — 0-475 0*850 

3 ! 21.0 I 0.475 0.950 0.850 r.700 

4 ; 21.0 0-750 0.600 

5-. • ' 21.0 i 0.884 1-634 0.791 r.391 

6 1 — - 0.675 o.9'/2 

7 1 21.0 I 0.675 1.350 0.972 , t.944 

8 ,, i — ; 0.585 0.522 

9 21.0 ■ o.585_ _ 0.522 1.044 


hours or fonvard 15 hours. I'he justification for this will be discussed later 
in connection with curves for cell division. The times of maxima and 
minima for plants giv'en in table 2 are rewritten there on the basis of having 
started at 9 A.M. The lack of uniformity at first apparent disappears when 


2. sativum. Grouping of and ^fini^na of Elongation, 

Wrinkied-seeded Variety 


Plnnt 


.Maxima 



Minima 


155- - 

12 M. 

10 P.M. 

4 A.M. 

10 A.M. 

8P,M. 

2 A.M. 

1.59- • 

2 P.M. 

10 P.M. 

6 A.M. 

10 A.M. 

6 P.M. 

4 A.M. 

i6<)- . . 

2 P.M. 

8 P.M. 

4 A.M. 

12 M. 

6 P.M. 

2 A.M. 

165. . 

2 P.M. 

8 P.M. 

4 A.M. 

10 A.M. 

6 P.M. 

2 .MM. 

169, , . 

4 P.M. 

8 P.M. 

i 6 A..M. ^ 

1 12 M, 

6 P.M. 

4.\.M. 

170. . . 

2 P.M. 

10 P.M. 

1 4 A.M. 1 

i 12 M. 

8P.^[. 

6 A.M. 

174. . 

6 P.M. 

: 12 N. 

i 10 A.M. 

2 P.M. 

8 P.M. i 

8 A.M. 

I7.S- • • 

10 P.M. 

12 N, 

1 10 A.M. 


4 P.M. 

2 A.M. 


2 P.M. 

: 12 N. I 

i 6 A.M. 

I 8 A.M. 

8 P.M. 

12 .\. 


S CM MARY 

Maxima 2-6 P.M. 8-12 P.M. 4-6 (10)^ A.M, 

Minima 10 A.M. -2 P.M. 6-8 P.M. 2-4 (6)« A.M. 


Smooth-seeded Variety 

Plant .Maxima .Minima 

193.. .: 5 P.M. 1 A.M. I 5 A.M. ! I P.M. : 9 P.M. 3A-^h 

194.. .' “P.M. II P.M. , 7 A.M. 3P-^b 9 P.M. 

’ Parentheses indicate an occasional variation in time Lo that enclosed by them. 
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, he curves a^o plotted on an equal basis tvi.h respec, t.ui.ue afte,- ,ni,i,„i„n 
,.f activity. Thus in general, m table a, maxima ocem , „ |. m s 

‘ M ^ '-10, tx a,;.l a, 5* 

It P.^ . I A.M., and 5 7 --X.M. the simimh-seede,! vai ieivt « l,i|,. 
,he iiiinuna occur at 10 A.M.-a P.M., -I PM, ,,nd ' j ,i, A xi , i 
1-3 P.M <t P.M. and 3-5 A.M. resiieelively. It ivlll be s.. 11 'ih.V, 'the 
.yoneral character of the curves is tlie same lor both v rinkled-seeded ,n,.l 
.smooth-seeded varieties. Both exhibit three tv.ues of elo„e.iiio„ ihe 
a4-hour period, though the precise lime of maxima .,i„l minim,, is .,s„,,|K- 
shghtly later in the smooth-seeded than in the ivrinkled-o eded i.irieiv ' 

Except in a few cases, observations ceased at the elose of the M-hoi,,- 

period. In those few cases in which observations there 

was no material difference between the two dnvs. d he em vf eotiiimied in 
the same oscillatory or rhythmic manner. TI,e oiiisianding le.itnre of 
these results is the rhythmic nature of clmi^atinn. 

Lupimis albiis. Seeds were germinated, :iiul e^eedlings .^didird, in the 

Table 3. Lupinus albus. GroupiiK^ of .mninia aiui Miuiimj of El.un-olion 


r'l-'iiit Ma-icima 


68, . . 

3 P.M 

: IT P.M. 7A..M. 

1 1 \M. 

9 P.M. 

s \ M 

69. . . 

1 P.\f 

! I A.M. 7 , 3 .M. 

11 A.M. 

7 P.M. 

s \ M 

70. . , 

3 P.M 

! ri P.M. 7 A.M. 

I I’.M. 

I'.M. 

t \ \l 

71. . . 

3 P-M 

; 7 I'.M. a A.M. 

I I’.M. 


X 3 M 

72. . . 

I P.M 

9 P.M. 7 A.M. 

I 

7 P..M. 

\ M 

>3 • : ■ 

3 P.M 

: ir P.M. 7 .\.M. 

I P.M, 

.SI'.M. 

A.M 



SCMMARV 




Maxima 


r-3 P.M. 7 P.M.-i.\,M. v7 

A.M. 



Minima 


II A.M.-i P.M. 5 9 i>.M. ' 3 

t A.M, 




same manner as above described fur Ihsuni. In taiile 3 (Ik- imixima and 
minima of eight representative curves are grouped. A total of difti-rnit 
individuals was studied. It will be seen tint hen' iigaiii thnr wa\(>s of 
elongation occur in the 24-hoiir period, with maxima at i 3 P.M,, 7 l\M. • 
I A.M., and 5-7 A.M.; and mininm at ii A.M. r P.M., 5 p I*.M,, and 
3-5 A.M. Germination was begun at p A.M. 

Curves 70 and 73 illustrate the character of elongation in i\\u of du st* 
plants. While the corresponding wa\e.s (in regard to time* of oceurn nea*) 
in the various plants are not all e)f the saiiie ampliuide. the times of tiu'ir 
maxima and minima are very close, anel the cliaracte r of the* e urve's is very 
similar, indicating that once these activities are initiated they proe<‘erl in 
rhythmic fashion; and the time interval of the waves is a more or !< ss nearly 
constant feature. The only earlier work on the* root of Lupiiuis is that of 
Strclil (36). His results are not coiniiarable* with those* of tin* present 
paper since his seedlings were exposed to the alternation of ehiy and night, 
and hence any oscillations not induced by this alternation woulrl be likely 
to be entirely concealed by the more ])romineiit daily periodicity. 
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Allium Cepa. Roots from both germinating seeds and bulbs were uset 
The bulbs were uniform and of a medium-sized white variety, and the s(ri 
of the Yellow Danvers (D. M. Ferry & Co.) variety. 

Roots from Bulbs, In table 4 are grouped the times of maxima an. 
minima of the elongation of the roots of seven different plants. These a-, 
chosen to represent the various types of curves, and consequently show sonu 
wliat less approach to uniformity than when all curves are consideret; 
Curves 272 and 296 show three waves of elongation in the 24-hour periexL 
The maxima come at 7-9 A.M., 7 P.M., and I A.M.; and the minima .i; 
1-3 P.M., II P.M., and 5 A.M. This type of curve is exhibited by alxtu: 

'rAHLC 4. Allium Cepa (bidh). Grnuping of Maxima and Minima of Elongation 


263, . . , 

11 A.M. 



I 

\.M. 


9 I\M. 


3 A.AI, 

26r. . . , 

7 A.M. I I 

.M 

9 P 

M 

I A.M. 

9 

A.M. 5 

P.M. 

ii r 

tM. 3 A 

264. . . . 

II A.M, 5 I 

.M 

9 P 

M 

3 A.M. 

3 

P.M. 7 

PM, 

II 1 

• M. ?A. 

254, . . , 

9 A.M. 

9 

P.M. 

1 

A.M. 


3 P.M 

U, 

P.M. 

7 A.M. 

271, . . . 

II 


P.M. 

3 

A..M. 


5 P.M 

II 

P.M. 

5 A.M. 

272, , , 

9 A.M. 

7 

P.M. 

I 

\,M. 


3 P.M 

1 1 

P.M. 

5A.M. 

296 .. 

7 A.M. 

7 

P.M. 

I 

\.M. 


I P.M 

II 

P.M. 

5 A.M. 






Summary 







Maxima 7 ri A.M. 7 9 P.M. (5) A.M. 

Minima 1-5 P.M. 9-11 P.M. 3-7 A.M. 


75 percent of the plants. Comparison with Kellicott’s (14) curves shows 
only slight differences in the exact time of occurrence of maxima and minima. 
A second type of behavior is illustrated in curs es 261 and 264 where four 
waves are found in the 24-hour period. Three of these waves corrc.spoiul 
closel)4 in o'gaid to time, to those of the other plants which show throe 
wu\'cs. A third type of cur\-e is that shown by plant 263 where but two 
wa\'es are found in thi; 24-hour period. Kelliaitt (14, page 545, fig. 7. 
curve II) shows a similar curve Nvith but two waves. Two plants out tjf a 
total of 50 showed this type of cursau 

Roots from Seeds, Curves for elongation of roots from seedlings differ 
from those from bulbs mainly in that they are about equally divided bePveeii 
three- and fom-wave types. In curves 275 and 288 three wav(‘s are shown, 
while curves 273, 274, and 276 exhibit four waves. All of these observations 
were made under identical conditions. Plants 275 anti 276 grew beside 
each other in the same culture chamber, and a study of their curves slxnts 
how similar a four-wave curve is to one of three waves. It will be seen 
that the noon maximum comes twm hours earlier in 276 than in 275, while 
the afternoon minimum comes two hours later in 276 than in 275. Tlu‘ 
other maxima, common to both, coincide; the difference in number of wave.? 
being due to the fact that 276 reaches its third maximum much earlier, 
sinks to a minimum, and then rises to a fourth maximum by the time 275 
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Tables- Allium Ccpa (Am/). Croupiuj^ iif Masiiihnuu! d/ /-'.-. v- 

1 1 ’t!:v Typi) 


Plant Maxima M.ii.i!)., 


276.. 5A.M. 11 A.M. 

7 P.M. 

r A.M. 

7 .^.M. 

> i\M. 

.) P.M. 

.1 A.M. 

277.. 9A.M. 1 P.M. 

7 P.M, 

=, .\.M. 

11 .\.M. 

P.M. 

1 P.M. 

7 A.M. 

273.. 9. A.M. I P.-M. 

7 P.M. 

I .\.M. 

n A.M, 

=i P.M. 

t) P.M. 

; .\.M. 

279.. 9 A.M. 1 P.M. 

7 i'.M, 

1 A.M. 

11 A.M. 

.1 P.M. 

n I'.M. 

'7 A.M. 

_^3. d 9 A.M. I PAL 

7 I'.M, 

A. . 

11 A.M, 

\ P.M. 

n PM. 

7 A.M. 

Mri.dina 5~9 A.M. 

(11 A.M 

SlMM.ViO- 

1 1-;, P.M. 7 P.M 

I 5 A.M, 



Minima (?) it A,M. .I-S D-M- I'.M. u A,M.. 7 A.M. 


lias attained its third maNiiniitn. A t-iinilar ('oiiip.irisdti dI ('urM'- jSi .nid 
285 shows again how similar in general ch.iiarli r aic ilu' (aiiAt s u!' iln- (Md 
types. In curve 276 the extra wa\ e appears in tlu' liotii s iu>i preceding and 
just following midnight, while in 28;^ (lie rxlra \va\t‘ is oiiK a m ix low- 
crested one, and appears during tlu' idiaaionn. In (able s the in.ixini.i and 
minima of five different curves ril the four wave tyjw ,nv gvoujied. It is 
seen that these curves are \er\' similar and (ha( there is \er\ litlU- over- 
lapping of times of maxima and iiiinirna. In table (1 the sminiiaip n( ihese 


T\blf. 0. Allium Cupa (Amb. ComjMnsou uj .Ua.v/w</ iuui Mniiiu.i iif 

Four-'iCiii'H. Cunxs U'lli! Iiu’si’ <;/ / iiur )I i/.cs 


Kour-wave l)T)e 
Se<; lahle 5 
'threeawn e typo 
275 
280 
386 
288 
2Hr 


Fum-wax c type. 
Aee table 5 
Tlirc(,‘-wavc type 

275 

280 
286 
288 

281 


5 -9 .A.M. 

jr .\.M.-,i P.M. 

7 P.M. 

5 A.M. 

i P.M. 

7 I'.M 


n A..M, 

- P.M. 

t.A.M. 

ti A,M. 

7 P.M. 

7 A.M. 


> I'.M. 

T A.M. 

9 A..M, 

s I’.M 


-Minima 


I'.M. 

(j I'.M. 

[ AM 

.1 7 MM. 

I'.M. 


1 \..\I. 

7 \.M. 

P.M. 

9 P.M. 


7 ,\.M. 

P.M. 

9 P.M, 


7 .\.M. 


7 I'M. 


S .\.M 

I'.M. 

II I'-M. 


; A.M 


curves is compared rvi(l, fnT diltercm <urve^ of il.c d'o'-'V'i'.- Spe, 
It will thus be seen that the thrcc-u.n c . ihacs arc, as ii..liv>diial-. v-.y 
similar to those of the four-wave ly,.c, l>n( <hllcr amonc ilicisehc pnn,- 
arily as to which of the waves (prcscu. in th.- l,a„-w,u c cnaa s, ,s om.l ,ed. 
Tlie seeds for this work began geniiinaimn at [) A.M . 

CwmUta Pe^o. Space will not permit so eN.m.soc n ,hs,n>ss,ou as 
aven ataove for Pismn. Lnpinas, and Mlonn Xod.mt; md.kc what wo 
have already seen above was founil in the sliidy ol tins sp.ius. ii\ s 
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III and II2, out of a total of 14 different plants studied, are given on 
Plate XXIV’. In these, also, three waves of elongation occur in the 24-hour 
period. 

Zea cceria. For this study the White Rice (D. M. Ferry & Co.) varietv 
was used. A single curve is shown on Plate XXIV for elongation. Tor. 
little work was done on this species to warrant definite conclusion.^, 'flu- 
curve, 102, shows two waves of elongation in the 24-hour period. 

Summary Jo r Elongation. Summarizing briefly in regard to elongation, 
we find that (i) elongation in all plants studied proceeds in a wave-liku 
fashion, two to four waves being exhibited in the 24-hour period; (2) there 
is more or less variation among the various individuals of the same species 
in regard to the precise time of day of the occurrence of maxima and minima, 
though these can be arranged into definite groups which show very littk^ 
overlapping of time (see tables 2-6) ; (;V it is indicated, though not definitely 
proven, in the case of PIsum, that the precise time of the occurrence of 
maxima and minima depends upon the time when germination was begun, 
and shows no relation to the actual time of day. This latter point will be 
taken up and definitely proven in connection with rhythms in cell division. 
This fact, if true, might also account for a great deal of the variation in 
elongation curves of plants of the same species placed in the germinating 
chambers at the same time, since it is possible that some of the seeds may 
have coats that are more permeable to water than others, and hence the 
precise time of initiation of metabolic activity would vary slightly. 

Cell Division 

Pisum sativim. For this work root tips from both the wrinkled-seeded 
and smooth-seeded varieties of peas were used. Curve 2 (figures in table 7) 
shows results obtained from a study of the wrinkled variety. Seeds were 
placed in germinating pots at 9 A.M. at a temperature of 25° C. and allowed 
to germinate for 73 hours. The radicles had attained a length of 20-50 
mm. when killing and fixing began. It will be seen that three waves of 
cell division occur in the period of 24 hours. The three maxima come at 

I P.M., 5 PAT, and 5 A.M.; and the minima come at ii A.M., 3 P.M., and 
9 P.M. The two maxima coming at 5 P.M. and 5 A.M. are about equal 
in extent. It will be noticed throughout the curves that follow that those 
waves in the various curves from roots of the same variety of seed which 
arc coordinate in regard to time of appearance, are not always of the same 
amplitude. Kellicott (14) found similar results in Podopkylktni peltatum. 
A study of the figures from which this curve is drawn (table 7) shows remark- 
able uniformity of the different roots for the same hour. Only at 5 and 

II A.M. do any appreciable differences occur, and then they are of such a 
nature that they do not affect the character of the curve. Curve 27 shows 
results from a similar study of the smooth-seeded variety. These seeds 
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Table 7. Pisum sativum. ]]'ri}}kU'd‘SCcd<'d Wiricty. Fii:,uit < tV.V I'livisii 




"9 A.M.. 


Temp. 

i 25.0 


II A.M.. 


I P.M.. 


Germinaliou he^un at Q 

I'ivi.liili; Ci'^is 

niani. 

I’ro. Mm, .Aii.i. 

January 

1 e ! .. 

2 7 -s-. 

Iftai 

t 1,1 

. 74 ^ 5 ^ 

If )0 47 

1 I 

.U 

252 

2.47 

• 977 " 

180 i 49 

8 

30 

273 

270 


233 47 


2,4 

.4 1 “ 

.417 

.935 

262 63 

H 

3.4 

3(18 

240 

1.329 t 

239 52 

13 

44 

34 ''^ 

227 


263 66 

10 

5.5 

.494 

257 

1 . 74 « ' 

19 “ 45 

8 

2.5 

2().'' 

274 

! -977 : 

147 4 “ 

9 

32 

22S 

2 . 4,4 

I 

: 166 . 43 

.S 

3 -’ ; 

240 

251 

' 103 

: lo? 1 42 ■ 

3 

9 ' 

l()l 

S7 

1 1.85^ 

: 108 : 37 

4 

*4 

163 

88 

1 

' 168 : 38 

4 

15 

225 

121 

! ■8')8 

1 112 ; SO 

12 

46 .. 

220 

lOS 

; 1. 188 

^ 83 25 

7 

,45 

150 

I 15 


; 98 ■ 40 

10 

28 ! ■ 

1 ;() 

1 . 4.4 

,901 

! 188 61 

6 

33 

J.SS 

203 

; 1.421 

i i 

0 

.5“ 


157 

> -935 

249 : 50 

lO 

37 

.452 

23 ' > 

; 1-529 

^ 3.51 

12 

32 

4.56 

301 


. 320 . 51 

9 

3“ 

410 

272 


>S 4 


3 P.M.. 


5 P.M.. 


.867 

{■315 


8.42 

1.237 


327 ! 

320 

37 « 

306 

288 


39 

43 

4.3 


■\S 


400 

412 

444 

447 

414 

4 r)t> 


I 26.0 


25 '.') 


; .»75 

; 1.340 

221 

288 

34 

36 

4 

12 

2<) 

3.4^ 

214 

265 

1 

24“ ; 

2.49 ; 

42 

17 



-D 

i 

! .^59 

^ 1.290 ; 

292 

307 

51 

.54 

14 

<) 

2S 

28 

308 

,405 

-'4 

i 

291 ; 

285 

44 

w 1 


.1/ 1 



: .988 ! 

; 1.707 

j 

516 

598 

5^9 

87 

62 

80 

14 

1 1 

31 

62 

50 

66 

079 ' 
721 

,406 

421 

4(i(. 

4“.5 

i •91^ 

: t.475 

.507 

412 

374 

46 

59 

59 

JO 

9 

j6 

56 

41^ 

619 

S21 

4-^7 

419 
: 352 
3.4“ 

307 

1 .^35 
; 1.189 

368 

368 

414 

f>3 

67 

1 

50 

18 

1 

fn 

44 

4^7 

4,so 

, 524 

■ _]08 
408 

4 4“ 

4 '9 


2L7 


< Diameter of section in tnillinnwrs, nltvays ..(.lar .intnl'Ct. 

Area counted, see page 386. common arc;', of 1 sq. mm. 

9 C = Constant necessary ior redncuon s 
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'lime ' Ttmp. 


7 KM.. . I 25.25 

I 

! 


9 P.M- . 25.25 


II . 


I A.M.. . 


25.0 


5 A.M..,: 25.0 


T.\kle 7 {Continued) 


1 )ia;Tt. 

Area 

Pro ’ 

Dividinff 

Meta, . Ana. 

Telo, 

Total 

Total 

XC 

.^ve. I Ave. 

1‘ip 1 Tips’ 

.867 

375 

68 

13 

64 

522 

397 


1.315 

.367 

83 

1 1 

55 

516 

392 

403 


3S7 

88 

19 

60 

554 

421 


.782 

325 

49 

8 

49 

431 

402 


1.070 

328 

41 

9 

33 

411 

384 

375 : 368 


278 

43 

8 

33 

362 

.338 


.850 

282 

64 

14 

51 

411 

326 


1.261 

324 

62 

II 

59 

456 

361 

.327 ; 


242 

62 

15 

53 

372 

295 


.83,3 . 

1.56 

52 

II 

34 

253 

208 


I.2T2 

182 

44 

7 

40 

273 

225 

226 1 


lyi 

55 


40 

298 

246 


.910 

204 

49 

II 

43 

307 

211 

i 

1.448 

178 

57 

1 1 

47 

293 

203 

204 j 237 


170 

54 


47 

285 

i9i 


.842 

237 

65 

10 

36 

348 

281 

1 

1.257 

256 

66 

10 

3« 

362 

292 

280 ! 



67 

6 

32 

332 

268 

1 

.884 

301 


9 

30 

396 

289 


I. 568 

309 

43 

21 

35 

408 

298 

284 j 


-77 

49 

13 

25 

394 

266 

! 

■ 77 \ 

231 

56 

7 

42 

: 336 

321 


1.047 

231 

6t 

12 

38 

: 341 

325 

: 316 . 271 


200 


17 

38 

i 318 

303 



148 

' 42 

■ 7 

22 

: 219 

180 


! 1. 212 

196 

33 

12 

37 

i 278 

229 

^ 213 1 

] 

189 

: 37 

8 

45 

: 279 

230 


1 .816 

255 

■ 55 

12 

40 

! 362 

^ 311 



326 

: 64 

1 1 

38 

' 349 

299 

: 3»5 ^ 


273 

; ^5 

■ 10 

45 

; 393 

337 


.842 

274 

I 60 

10 

37 

381 

308 

1 i 

^ t.257 

274 

‘ 59 

10 

5fi 

; 399 

322 

I 316 ! 395 


260 

i 7 ^ 

7 

57 

; 394 

318 


i .yio 

246 

‘ 59 

8 

48 

. 361 

249 


1.448 

257 

; 85 

6 

23 

^ 371 

256 

: 256 1 


271 

58 

18 

34 

381 

263 


•979 

382 

; 53 

5 

15 

455 

272 


1,677 

322 

i 37 

12 

24 

.395 

237 

; 265 ■ 

1 

376 

i 57 

1 

8 

oC* 

472 

276 


.807 

. 343 

1 ^5 

10 

30 

i 428 

375 


- 1. 140 

291 

' 56 

12 

; 24 

3H3 

336 

■ 365 301 


35 r 

6r 

20 

28 

440 

385 


.884 

35.5 

40 

4 ' 

31 

653 

314 


1.569 

258 

38 

9 

20 

023 

237 

272 


270 

45 

10 

; 39 

44 

266 
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T’aulk 7 iComi!t(U'd\ 


Time Temp. 

'vea' 

Pr... 

Mi'i/i. 

! Cells 

IVl.., 

r..s.; 

' \v, .1 , 

\ ^ ■ T;;' : i ! s 

5 A.M... 25.0 

.9S8 : 

445 

53 

15 

30 

340 

.00 


1.707 . 

319 

52 

12 

47 

4.30 

-\31 271) 

1 


345 

66 

19 

.30 

41, n 

2(,S 


.918 : 

497 

71 

23 

39 

6^0 

4-7 


1-475 ^ 

510 

87 

25 

,30 

h.s 1 

4 ''i T.’vS v^i 



455 

89 

-3 

(>l) 

O33 

1-'^ 


.850 

456 

3 <r 

1() 

44 


13 ‘ 


r.261 

300 


12 


173 

373 



437 

74 

M 

45 


13 ” 

7 A.M... 240 

.808 

275 


1 1 



3 T> 


1.140 

3 > I 

60 

12 

3<3 

421 

.300 V|i 



258 

53 

13 

3 .> 

.337 

3 1,3 


i -859 

240 

57 

10 

33 

300 



1.290 

253 

63 

1 1 

32 

37 'i 

2 «I2 .Xo 3 t'A 


: , 

238 

^'5 

- 

-l‘> 

343 

2(>i> 


.791 

218 

49 

14 

30 

,314 

2 Ss 


1.093 

221 

39 

(> 

47 


. 3' >2 ,S)j 



202 

3.3 

12 

36 

,323 

203 

were placed in germinating 

pots at 9 . 

\.M. and 

incuixited tor 72 Inaiis .11 

a temperature 

of 22‘’'-2 

3" 

. Here al 

so it will 

be s 

eeii (hat threi' w.i\es 


occur ill the 24-hour period. niaxiiiia ennie at t 1*M-, 0 .md 

I A.M.; and the minima at it 7 P.M., and ii P.M. .\ eompai iMHi 

of curT’Ca 2 and 27 shoMs that the first two maxima ot eiii \ c' 2 eaeli edine 
just eight hours earlier (or hours later) tluin Iivo of elt^^'e 27, while the 
third maximum departs somewhat from tills time nlaiioii. A similar 
relation exists betxveen the minima. 

J^et us now turn to evidence in support of the ronieitiioii that the lime 
of occurrence of maxima and minima is rel. Ued to the lime o( jniliaiinn ol 
activity and not to time of da)a Curs e 2S is \hv result f>ljiaiiied Inuii root 
tips of the smooth-seeded xairiety grown at (he same time .mtl in the same 
incubator as those represented by cur\e 27, with the dillerenrt' (h.it lin- 
seeds for curve 28 were placed in the genninatiiig pots at 2 1 .M., instead ol 
9 A.M. of the same day. In curve 28 three' marki'd maxima otaair with a 
very small fourth. Omitting, for the [iresem. this extra small \va\e, we 
findmaximaoccurringat; P-M..3 A.^l..<uui 7 A.M., and minima at .t P.M.. 

It P.M., and 5 A.M. Xow it will be seen lliat these seeds were started to 
germinate just 5 hours later than thos(‘ of <airve 27. Smee root tliis were 
cut and fixed every tw’o hours, a diflerence of preciseK ji\-e hmirs would not 
appear in the curves as such, but rather as a four- or six-hour djlferenee. 
(Comparison of the twai curves w ill show that the ^ I .M. maximum o ‘ 

28 is just four hours later than the 3 Juaximum of mirve 27: similarly, 
the 3 P.M. and 11 P.M. minima of rmw e 28 are jiist 4 hours later than (in: 
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II A.M. and 7 P.M. minima of curve 27; -while the 3 A.M. and 7 AM., 
maxima, and the 5 A.M. minimum of curve 28 are each just 6 hours late r 
than the corresponding maxima and minimum of curve 27. Thus the 
entire curve 27 is earlier than cur\'e 28 by an amount of time equal to the 
difference in time between the beginnings of germination. As further 
eviclence on this point, a third series of root tips -were cut at the same- 
time and under identical conditions. The seeds for this third series were 
placed ill the germinating pots at 8 P.M. Curve 31 shows the results 
of this study. In curve 28 a fourth wave was merely indicated, while in 
curve 31 there are definitely and clearly four waves. It is seen that because 
of the difference between the times when seeds -w-ere placed in germinating 
pots there w^ould be expected to be a difference of just eleven hours between 
the times of Initiation of activity in curves 27 and 31, and six hours betw'een 
curves 28 and 31. Table 8 shows the maxima and minima of these curves 
correlated in respect to time (after initiation of activity) of their occurrence. 


Table 8. Pisum sativum. Correlation of Maxima and Minima of Cunies 27, 25 , and 


27 

23 



31 


Germination Began 

Germination at 

DifT, from 27 ; 

Germination Ltt 

Diff. from 27; ' 

1 Diff, from 

at 9 A. M . 

2B. M. 

5 Hrs. 

8 e. M, 

II Hrs, 

6 Hrs. 

Maxima 





I 

3 P.M. 

7 P.M. i 

4 

3 A.M. 

i 12 

: 8 

9 P.M. 

3 A.M. 1 

6 

7 A.M. 

10 

' 4 

1 A.M. 

7 A.M. 1 
II A.M. 

fi 

3 P.M. 

14 

' 8 

Minima 






n A.M. 

3 P.M. 

4 

9 P.M. 1 

10 

6 

7 P.M. 

II P.M. 

4 

S A.M. * 

10 

i 6 

II P.M, 

5 A.M. 

6 

11 A.M. 

12 

6 


9 A.M. 


I A.M. 




A study of this tabic shows that the same relation exists betw*een curves 
28 and 31, and 27 and 31, as is shoivn above between curves 27 and 28, viz,, 
there are in both curves 28 and 31 waves corresponding, in time after initia- 
tion of activity, to each of the three waves shown in curve 27. The extra 
(fourth) waves appearing in curves 28 and 31 not only do not have a corre- 
sponding wave in curve 27, but also seem not to be correlative to each other, 
A further experiment of this same nature was carried out in which two 
series of peas of the smooth-seeded variety were placed in germinating pots 
at 9 A.M. and incubated at 24 25® C. for 48 hours. They were then 
removed from the incubators to a refrigerator where a recording thermometer 
showed the temperature to vary between 6.0° and -0.5® C. for a period of 
48 hours. During the time of refrigeration, control plants were kept growing 
in the glass culture chambers used for elongation studies, and their elonga- 
tion was measured. The elongation figures (omitted for lack of space) 
show that the temperature was sufficiently low to inhibit all but the slightest 
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pv, y. After the plants had boon in iho refrisv,a,„r f„r ni.„. h,„„. .„ul 
from that time until the end ot the perin.l „f n,.fnK,..,„i„n, ihe an,,.,, „ , 
elongation of the ind.v.dtu, phtnts ranged f.-.,,,. oa,.s o„;„ per h.nn 
fn SIX hours alter being taken from ,l,e refrigeram, aa.l i„r„|.a,„i a, , ,e,„' 
perature of 24 -25 C. these same ro.Hrol plams had reKai,u,| ,l,eir ,| 
rate of elongation for that temperature. A, ,lu. end of il,., ,efri..,a- „ion 
period the seedhng,s from which root tips ware to he ,.ai, were .,Uo inenh ,„ ,1 
at a temperature of 24»-25“ C. Sees 33 ,etn i , was ,-,.move,l f,,.,,,' 
refrigerator at 9 A.M., and serie,s 33 (curve 33) was r..,n„c..d a, i P \| 
A comparison of the hvo curves (table y) show.s il,a, there ar,' i,.' 


Table 9, Fisum sulivnm. Correlation of Maxima ai 

33 1 35 ' 

> 1(1 initial 

rP (■;( 

Removed from Re- Removed from Re 
frigerator at 9 A. frigeiatot at i F. M. 

UitT. tVi.m .4, 


A. 'm " 

Maxima 





5 P..M. 9 P.M. 

4 


!*.M. 


II P.M. » I A.M. 

2 


P.M. 


5 A.M. 9 A. 3 L 

4 

I 

A.-M. 

4 

Minima 


i 

1 



I P.M. 7 P.M. 

6 

! II 

A.M. 


9 P.M. II P.M. 

2 

7 

P.M. 


I A.M. SA.M. 

4 ' 

I I 

P.M. 



three waves, and that the times of Iavo of the maxima ami (uu> lA ilu- minima 
are just four hours later in curve 35 than In curve 33, while ihe ; \\^\. 
minimum of curve 35 is six, instead of four, hours later llian tlu* i T.M. 
minimum of curve 33; and that the ii P.M. inininmm and i A.M. maximum 
of curve 35 are each but two hours lat(‘r than llie ciirrespondin^ miniimun 
and maximum of ciir\e 33. Hence, in ^mnerah these curves alsu dilha- 
from each other by a time interval equal tn the difference in time between 
their initiation of activity after refrigeration. 

A comparison of curves 33 and 27 (table q) sludws lluit wiili Imt one 
exception the maxima aiid niiniiiia ol curw 33 occur jiiAt two luuirs lati'r 
than the corresponding waves of curve 27, d'his excaptioii is found where 
the 5 xA.M. maxinuun of curve 33 comes ffiur, instead of two. hums later 
than the i A.M. maximum of curve 27. While (lu‘ i)arli('ular amount of 
difference in time between waves in curves 33 and 27 has no special signifi- 
cance, the fact that the time interval bciweeii wa\es of one eur\ e is the 
same as that between waves of the fither cur\e, takini together with tlu' 
relation we have just seen existing bt'tweeii all these other curves ol Pisimi, 
proves that these rhythms are regular and {Icfiintr' and not mere eliance 
variations. It further indicates the truth ol the contention that the time 
of occurrence of maxima and ininiiiia is related to the time <.)t Initiation of 
activity, and not to actual time of day. 

We note from thi.s study of cell division in Pisum that A ) once a('(i\'ity is 
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initiated it proceeds in a rhythmic fashion; (2) in general, three wav^es are 
shown in tlie 24-hour period ; (3) the exact time of appearance of maxima 
and minima is dependent upon the time of initiation of activity and shows 
no relation to time of day, 

Ltipinus alhus. Curves i and 13 show the results of a study of cell 
division in this species. These cur\'es, again, show three waves. Curve i 
shows the first maximum and minimum coming about four hours earlier 
than the corresponding wave in curve 13, though the general character of 
the two curves is strikingly similar and their rhythmic nature is well demon- 
strated. I t should be mentioned that the two curves were obtained from 
seeds of different lots. The seeds in both cases began germination at 9 A.M . 

Allium Cepa, Roots from Bulbs. Curve 10 shows three waves of cell 
division with maxima coming at i H.M., 9 P.M and 5 A.M. ; and the minima 
at 3 P.M., I A.M., and 7 A.M. In comparing this curve with those given 
by Kellicott (14) it is found that the i P.M. maximum and the 3 P.M. 
and 7 A.M. minima correspond to maximum and minima at similar times 
in his curves; while the 9 P.M. maximum of curve 10 comes just two hours 
earlier than the ii P.M. maximum of his curve I, and one hour later than 
the 8 P.M. maximum of his curve II (page 563 of his paper). The i A.M. 
minimum and 5 A.M. maximum of curve lO find no equivalents in his 
curve I. In his curve III, however, a third maximum occurs at 5 A.M. 
It should be noted that no figures arc given for 5 A.M. in his curve I, and 
hence it is possible that a third maximum may have been missed at this 
hour. Cur^■e 24 is drawn from data obtained a year after that of curve 10, 
and from a different lot of bulbs. Other conditions were the same in both. 
In comparison it is seen that the noon maximum of curve 24 comes at ii 
A.M. instead of i P.M.; the afternoon mini mum comes at the same time 
as in curve lO; while an additional low-crested wave, with maximum at 
5 P.M. and minimum at 7 P.M., appears bc'.twcen the times of the first and 
second waves of curve 10. The remaining waves arc the same in both. 
(mr\'e 24 thus shows four waves instead of the usual tliree. In comparing 
these curves with those of Kellicott’s on Allium we note that the main 
difference is the larger number of here shown. Kellicott used much 

lower temperatures than those used in the presejit work, and it is possible 
that this may account for the smaller number of waves found in his curves. 

Roots from Seeds. Cur\e T2 shows results from a study of roots from 
seeds of the Yellow Globe variety. It will be seen that there is little 
difference between this and curve 10 (from bulbs), three waves being found 
in each case. The essential difference is found in the fact that the cur\e 
does not drop so .suddenly to a minimum after both the i P.iM. and the 9 
P.M, maxima, in curve 12, as does curve 10. 

Zeu- ez'ertu. Curve 7 shows results obtained from a study of roots from 
seedlings of the White Rice variety. Cjerminatioii began at 9 A.M. It 
will be seen that the curve is much more oscillatory in character. Karsten 
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(j 2 ) found much the same condition in Zca Md\\<. WhWv \\w mfnibcr ot' 
waves found in the 24-hour period is hij>!u‘r than in ilie case of iu\\ mhcv 
species studied, yet the fact that mitotic activity pn needs in waves or 
rhythms is none the less clearly demonstrated. 

Vicia jaha. Curve 5 shows results obt.nni'd from ii -(nt!\- of nmis (>f 
Viciafaba. Germination began at g A.M. It \\ill be seen tliat iw<» waves 
of cell division occur in the 24-hour period. Maxima oeeur at 5 P.M. .nid 
7 A,M. and minima at I P.M. and l A.M. C omparison f.t this cm \ e with 
the figures given by Karsteii (12, inige os shows that he. too, h'lmd two 
extensive waves of cell division with maxima cftming at k> .\.M . and o P.M 
and minima at 4 P.M. and 7 A.M. 'rims the maxima i>t curve 5 emiie jiisi 
three and four hoiir.s earlier, and the minima three .tnd six hotiis i-.iiTier, 
than in Karstens results. Besides the two more extensive w.ives it will 
be seen that his figures show two very ^mail vvives. oito coming in e.ich 
larger xvave. He, however, did not take into cntiNidnatiou v.ni.iliniis in 
size of the sections counted, and this, taken together vvilli .1 possible dib 
fercnce in time beginning germination. ]irol)ably aeetumts lor the ditfer- 
eiiccs between his results and those of the present paper. 

Allium cerminm. For this study Inilhs were co!lecte<l in the fuld in 
October, stored in boxes of soil, and kept in (lu- i>|)en mini re.idv hu- u-e 
the following January. Fpon gcrmiiiatioti txich lutlb iiroduceil trom two 
to four roots. Curve 23 shows results from this study: it vmH !»' seen that 
four very marked waves occur in the 24diour period. 

Allium canudense. For this study tiie small aerial luiibiets v\eu' i(F 
lected in October and stored in a drx', cool place until reativ to be iiM-d the 
following January. Curve 22 shows results from iliis MwW. b will be 
seen that five wavers of cell div ision occur in tlie 24-liour peru-d. 

A brief summary of the results obtained from this sindv ol cell division 
slvows the following facts: (i) the curve of cell division in all plant> studied 
exhibits a number of oscillations in the 24-hour period, in tlu- mayuaty ol 
plants three; (2) the exact time of occurrena' of maxima and imnmia is 
dependent upon the time of initiation of artivilv and imi on linir of day. 


Relation biotwlkn ELOxoATtoN am? ( tit. Hotmos 

Historical 

De Wildeman (39) I'as shmvn b>- rxact ,„c;>s»r.'mcnls lli.ii n-U. 
Spirogyra do not elongate during niitoris, wlnle in the Mauiinnl h.me ol 
Tradescantia there is e ery .dight elon.gation of the eell during early ,,rn,,h;e.es 
but none at all rluring the later stage.. War.l hVd, lus shorvn in h.s s 
of cell division and elongation of flkniien.s ol ftou /»■< 1 1 . k 

that elongation proceeds in a reavedike fashion and .liu, "■ 1- 
cell division emails more or less cessation ol grou n. 1 o . 

shown that, in general, the same thing is true of elonga ion an 
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in roots from bulbs of Allium Cepa, i.e., the times of maxima of cell division 
are near the times of minima of elongation and vice versa. It should be noted 
that the observations of de Wildeman (39) and Ward (38) were made directly 
upon the dividing cell while it um dividing. The two processes were 
observed in one and the same cell. Such direct observation in the case of 
root tips is. of course, out of the question. 

Experimental 

Pisunr sativum. In table 10 the times of maxima and minima of elon- 
gation and cell division in Pisum are compared. It is seen that in both the 
wrinkled -seeded and smooth-seeded varieties the times' of maxima of elon- 


Tahi.jc 10, Comparison of Maxima and Minima of Elongation and Cell Division in Pisum 
Wrinkled Varietv 


Klon^ation Maxima (see table 2) 

Cell Division Miiuiiia {see curve 2) . . . . 

2-6 P.M. i 
3 P..M. 

8 12 P.M. 

9 P.M. ; 

: 4-6 (10) A.M, 
i II A.M. 

Flongation Minima : 

Cell Di\ iblon Ma.xima i 

10 A.M.-2 P.M.! 
I P.M. 

6 8 P.Mi 

5 P.M. 

2-4 (6) A.m'. 

5 A.M. 

Smooth Vakiki y 

Elongation Maxima (see table 2) 

Cell Division Minima (see curve 27) , , 

5-7 P.M. ■ 
11 P.M. 1 

Ill P,M.-r A.M. 
II P.M. 

5-7 A.AI. 

7 A.M. 

Elongation Minima 

Cell Division Maxima 

1-3 P.M. 

3 P.M. 1 

9 P.M. 

j 9 P.M. 

3-5 A.m. 

I A.M. 


gation correspond very closely to the times of mimma of cell division, and 
vice versa. A single exception is found in each variety: in the wrinkled- 
seeded variety the ir A.M. minimum of cell division comes considerably 
later than the corre.sponding maximum of elongation in the majority of 
plants; and in the smooth-seeded variety the 11 A.M. minimum of cell 
division comes much earlier than the corresponding maximum of elongation. 
With the exception of this one divergence in eacli case there is a very dose 
reciprocal relation existing between the rapidity of elongation and the 
number of cells undergoing division. 

Table ii. Comparison of Maxima and Minima of Elongation and Cell Division in Lupinus 


Elongation .Maxima (see table 3) . . . 
Cell Division Minima 

... 1-3 P.M. 

7 P.M. -I A.M. 

5-7 A.m. 

Cur^•e I 

3 P.M. 

I A.M. 

5 A.M. 

Curve 13 

7 P.M. 

1 A.M. 

7 A.M. 

Elongation .Minima 

Cell Division Maxima 

. . . II A.M.-i P.M. 

5 9 P.M. 

3 5 A.m. 

Curve I 

. 9 A.M. 

1 1 P.M. 1 

; 3 A.M. 

Curve 13 

I P.M. 

irP.M. 

1 3 A.M. 


Lupinus albiis. In table ii the maxima and minima of elongation and 
cell division in Lupinus arc compared. It will be seen that here again there 
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is a very close reciprocal relation exi.tlin^ b.txva-n elnn^anun an.l rrll 
(Imston, A single large divergt'm'c <H'Cur^ in ilu‘ nf ihc 7 P,M. mini- 
mum of cell division in curve 13. ‘ 

Allium Cepa. In table tlu' maxima and uiinima of elonuaiin,, md 
cell division in Allium Cepa are cmnpared. In (hr case of roms from bulbs 
we find, again, very nearly a reci])roca] relaiion lu-iua'cn rapidiri- ,n c!<,.ii.> o 
tion and number of celts undergoing division. Aiimhcr divergence i> mXii 
in the case of the 3 P.M. minimum of (all division in bmli curves 10 and x| 
(or 7“9 P.M. maximum of elongationj. 

Table 12, Compan'son of Maxiimt mtd .Uhitutu o' Ehiv(>.t!ion o.od 1 ■ 

{.'c/M ■ ' 

Roots fiuoi lU i.iis 


Elongation Maxima 

(see table 4) ; j-tr .\,M, 1 , s' AM, 

Cell Division iliiuiua 

Curve 10 7 A.M, 4 I'.M, , \ \| 

Curve24 ^ ■ 7A.M. 7l',M, 1 AAli 

Elongation Minima . . 1-5 P.M, <) u 1 *,M. v" A.M. 

Coll Division Alaxinia 

Curve JO i i I’.M. 0 .\M. 

, __^rve_24^ ! Ti A.M.--,s n I'.M. 5, A.M. 

Roots i-uom Sia-ns 

Elongation Maxima 

(see table 5 ).. 5-9 A.M.-di A..M.) 1 A I’-M- 7 I' M. 1 5 A..M. 

Cell Division Minima 

. Curve 12 7 A.M. 5l'..\L .t A.M. 

Elongation Minima. ii A.M. 7, 5 1 “.M. <1 I’.M. ,t 7 A.M. 

Cell Division .Maxima. l I’.M. u I’ M. 3 .\.M. 


Ill the case of roots from seeds all of the nni.xima and minima of cell 
divisfon find corresponding minima and maxima resjH'ctlvcK- in eiong.ilion 
so that the reciprocal relation here is quite ( \ idcnt except fin the extra 
fourth wave in elongation. 

In general wc may say that ihe times of maxima ot elongation are m ar 
the times of minima of cell division and viie versa in all plants studied. ! his 
reciprocal relation is not so clearly cxprc,ssed as in the case when' both pro- 
cesses may be observed at the stnne time and in tlu' same individual cell as 
Ward (38) found in Badihs ramosus l-Tacnkel and dti Wildeman (.yd lottnd 
in Spirogyra; but is probably as near as might lie ex])ected from the fact 
that the two processes must be obscrx'ed, not only in diltereiH cells, but also 
in different individual roofs. 

DlSC.tASION 

The question naturally arises: What are tin; catise.s of tlie rhythm found 
both in the elongation and the cell division of the jjlants studied. 1 liat it 
may l>e due to external influences of changes in illumination and tem]>erature 
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is out of the question, since this work was done in a dark room and thr 
tcnipc-rature was kept constant, except in a few cases, to within one degree. 
It seems quite clear, also, that it is not due to heredity, in the case 01 
seedlings, as Semon (32) and Karsten (12) believed, since it has been shown 
by a number of earlier investigators that plants placed in continuous dark 
ness and uniform temperatures gradually lose the periodicity which the\ 
had exhibited when exposed to the alternation of darkness and light. Xov, 
it would 1)C expected that these rhythms would show some relation to the 
normal changes of night and day, even though the experimental plants 
were not so exposed, if the rhythms were due to the hereditary persistence 
of such effects upon the parent plants. It has been shown, however, in the 
case of Fisum salmim seedlings, that these rhythms have no relation to 
time of day, but rather that they depend, for the precise time of their 
appearance, upon the time of day when metabolic activity is initialed. 
It was at first thought that the rhythm might be due, in the case of ger- 
minating bulbs, to the persistence of a habit acquired by the bulb, while the 
bulb was itself growing and so exposed to the alternation* of darkness and 
light, and the subsequent: transfer of this habit to the growing parts. This 
is also disproved, since roots grown from seeds, in tlic case of AUmm Cepa, 
exhibited the same rhythms a.s those grown from bulbs. That the rhythms 
of elongation and cell (ii\ ision may have a relation to the diurnal rhythms in 
atmospheric pressure and electrical potential is also out of the question, 
since it has been shown that the time of the waves in elongation and cell 
division depends upon the time of the initiation of metabolic acli\ il\-, and 
that they vary according to the time when germination is begun, regardless 
of atmospheric conditions. Stoppel (34) found a relation existing between 
curves for sleep movements of plants and electrical potential of the atnios- 
pheri*. 

The two processes, growth and cell division, must necessarily go hand in 
hand as two of the vital activities of germinating seedlings. Just what tln‘ 
precise relation between them is, is not so definitely known, though it is 
quite evident that a certain size of the cell must be attained before cell 
division ensues, since cells from corresponding parts of different individuals 
of the same species vary but little in size. In a comparison of the curves 
for elongation and cell division it is seen that a general reciprocal relation 
exists between these two processes whereby there is a slowing-up in the rale 
of elongation at the time when there i.s the largest number of cells undergoing 
mitosis. The fact that the processes of- elongation and cell division show 
such a reciprocal relation to each other within the indi^ddual cell is not so 
difficult to understand, since there is probably not enough energv' a\ailable 
to permit both processes to go on at their maximum at the same time. 
It is to be recalled, howev er, that the zone of most extensive elongation in 
the root is not the same as the zone of mitotic activity (practically all mitoses 
occur within a zone bounded by the growing point and an imaginary line 
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across the section back from the growing point n dislanm equal to iwiee 
the diameter of the root). This recipreical relation between elongation ami 
cell division in the root as a whole might be exitlainnl on the same l!a^l^ as 
that in the individual cell, provided there is a eoonlination within the 
root tip sufficient so that when a large number of cells ata- undergoing mitosis 
the total energy available within the ti]) is direett'd more to ntitosis than 
toward growth and elongation, and hence the one proeess will be near its 
maximum when the other is near its inininuim. Whether it be a mailer of 
available energy or not, the fact remains that the two prioresses, cloiigm ion 
and cell division, do alternate with each other, both in thr indi\ idiial cell 
and in the root as a whole. Since neilher process can go on for any con- 
siderable length of time to the cxchisioii nt the otlier, the rnrve repn >etiiiiig 
the extent of either will show waves such as iIkosc feimd in the present work. 
Thus, activity once initiated by the beginning of germijialion ot the seed or 
bulb, these two proccs5e,s, of necessity ha\ing a (lefmile relation to e.irli 
other, bring about the rhythms here found. 

The fact that these rhythms have a dehnite interval in the various 
series of the same variety of seedlings, and that eorres])(*miing w,i\ es in (In- 
dilTerent series bear the same relation to each other as ihe lime interval 
between the times of initiation of metabolic activity, nr., that the iiiaNima 
and minima in the different curves depend for the time of iluar .ippe.ir.uue 
upon the time when germination was l)eguii, indicates that the ultimate 
cause of this alternation between mitosis and elongagion is niiireU an 
internal cause and not related to CNternal conditions and is in perli-cl accord 
with the above suggested energy hypotliesis. d'his harmony in the various 
series of plants of the same variety shows, further, dial the rliytlims hen* 
found arc not mere chance variations in activity wliich, wlun idotled. slmw 
such curves, but rather that tlie two processe,s, elongation and ceil division, 
follow each other in a regular manner, the root tip being ocnipied with one 
and then with the other, and hence showing a regular and delimle osnllati<m 


from the one to the other. . 

Whether or not this reciprocal relation existing between elongation and 
cell division is sufikient entirely to account for these rlivthms, and whether 
there might not also be other rhythms independent of am nioti i .c 
confused with, these first rhythms, is a question not satis aitmi \ >ni.\\ ^ 
by the d,ita at hand. The fact thal the times ,.l nmxmm " '".'"''i' ", '"|:l 

fav cases did not coincide with the timesof tl,e mmnm.ol cell ,ln i.,..n n yhl 
seem to indicate that there were othc.T factors inlluenemg t ie ( mirs. ^ 
activities in the plant besides the alteriKUion of elongation ,im ' ' 

It is conceivable that a relation might esis. between f ’ 

eluding mitosis) and available f«<,d supply, whereby hese " ' ' 

cesses might, once initiated, gradually increa* and hnalK ' 
capacity of the enaymes to render stored food avadah e. > ; 
lessening proportion of available lood, a slowing town i 
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must ensue until the food supply is again adequate, after which the saitK 
processes may be repeated. In other words, may there not be a certain 
inertia inherent in these vital processes, so that once they are in operation r 
certain force is required to check them, and, once slowed down, a certaii 
force is again required to accelerate them? This might explain oscillation- 
in either process independently of the other, or in the sum of the two pro 
cesses, but it would not explain the reciprocal relation between the tw(- 
processes. The possibility of growth rate exceeding that of enzymatic 
activity is apparent in the exhaustion effects found at higher temperatures 
in seedlings of Zea Mays and Pisum sativum by Lehenbauer (19) and Leitsch 
(20). 

It is necessary, also, to distinguish between the terms “periodicity’' and 
“rhythm.” By “periodicity” the earlier workers meant a regular oscil- 
lation which was caused by the alternation of day and night or by other 
external changes, and which was lost when the environmental conditions 
were rendered constant; while the term “rhythm” in the present paper is 
restricted to mean any oscillation in activity which is definite and regular 
and not related to any external inllucnccs. Thus these roots in their 
development exhibit “rhythms” in the absence of changes in environment, 
but not a “periodicity” in the sense in which the older writers used the 
term. 

Summary 

1. Under constant uniform conditions elongation in all plants studied 
proceeds in a rhythmic manner, two or more waves occurring during the 
24-hour period. 

2. Nuclear and cell division proceed in a similar rhythmic fashion, 

3. The times of occurrence of maxima and minima are dependent upon 
the time of initiation of metabolic activity and not upon the time of day 
by the clock. 

4. Elongation and cell division, as regards time of maxima and minima, 
are, in general, reciprocals of each other. 

5. This reciprocal relation existing between elongation and cell division 
accounts for a large share, at least, of the rhythms found in these plants. 

The writer desires to take this opportunity of expressing his appreciation 
to Professor F. C. Newcorabe, under whose direction this work was done, 
for his constant encouragement and helpful criticism: also to Professor J. B, 
Pollock and Professor R, M. Holman for helpful criticism and suggestions. 
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DAILY RHYTHMS I\ CERTAIN 


EXPLANATION OF PLATES XXIV AND 

-rdinates in curves I-IV show rate of elongation in m;; . . 
.how the number of cells per sq. mm, uncler^oiiig 
iv by the clock. 


(— 


H. ( ) 

60 . ( ) 

74 . ( ) 

i 05 . ( ) 


(Base Vine = 0. Stale, i s:|ua.v = ,, 
■) Elongation of .w/u'Hw. I'anniiu! 


Z,eii ever til. 


70 . ( ) 

75 . (- 


- 72 . ( 

296. ( — 


--) 

-) 


(Base line = 0. Scale, 1 
Elongation of Lup-tyius albus. 

Allium Ci'pa l l 


S{|uare ■= .08 tiini. ' 

< aTininalion .tt i) A.M, 


- 75 - 

276. 

288. 


5 - (~ 


( ) 

, ( ) 

. ( ) 

■ ( ) 


(Base line — 0. Scale, i s(|iiare = 0.1 min.i 
Elongation of Allium Cepu (seed), (iennin.niun .n ^ A.M 


‘ Cueurbit i I'epo 


273- 

274. 

28r. 

283. 


(- 

( ) 

( ) 


{Ba.se line ^ o. Scale, I siniarc = .08 nim.) 

■) Elongation of Allium Cepa (seedt. ; '.crniiiuKiun .it 0 A.M 


( ) Mitosis 

{ ) 

( ) 

{ ) 


13. (- 


(Baseline = 125. Scale, j si)ii:in‘ = 10 cells.! 

in Pisiim sativum {wrinkled t C.ei niiiiatimi n A.M. 
(sinootli) 

2l‘.M. 


( ) 

( ) 


VI 

(Baseline = 123. Scale 
-) Mitosis in 1 ‘isuin (snioath). 


s(]iiare = 15 cells ( 
font refrigerator .tl 6 A.M. 

'• 1 i’..M. 

ierniination at 9 A.M. 

VII 


(Rase line = 0. Scale, i square = .s cells.) 
Mitosis in Lup’inus ulhus. Germination at 9 .\.M. 


10 . (- 


{ ) 

■ (- - - -) 


(Base line = 50. Scale, 1 sejuare = 10 cells.) 

-) Mitosis in Allium Cepa (hull.).). Germination at 9 .VM. 


Vidafuba. Germin.iiion at 9 .\.M. 

IX 


(Base line 300. .Scale, l s(|na_ie _ 10.) 

12. ( ) Mitosis in . 4 Ct’pa (seed), (icnnination 9 -VM. 

22. ( -) “ " Allium can(i(le?i sc “ j* 

23 . ( ) *' “ Allium cernuum 



